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REMARKS/ARGUMENTS 

The office action of November 25, 2009 has been carefully reviewed and these remarks 
are responsive thereto. Reconsideration and allowance of the instant application are respectfully 
requested. Claims 1-16 remain in this application. Claim 17 has been canceled without prejudice 
or disclaimer. 

Affirmation of Restriction Requirement 

Applicants confirm the election of claims 1-16. Claim 17 has accordingly been canceled. 
Claim 1 has also been amended in view of the elected species. The only remaining heterocyclic 
groups or heteroaromatic groups are those in the position of the aryl group at the 2, 5-dihydro- 
pyrazol moiety in the compound of formula (lA) or (IB). With respect to this aryl group, in the 
elected species, Ar is a 2-furyl and thus a heteroaromatic group. 

Rejections under 35 U.S.C. S 112, first varasraph 

Claim 16 stands rejected under 35 U.S.C. § 1 12, first paragraph as failing to comply with 
the enablement requirement. This rejection is respectfully traversed. 

Claim 16 has been amended to reflect that the conditions are selected from rheumatoid 
arthritis, psoriasis, multiple sclerosis, and diabetes. Support for these conditions is found in 
paragraphs 75, 71, 62, and 44 of the corresponding US published application (20070213345). 

The aforementioned diseases are well-known autoimmune diseases for which treatment 
by the suppression of T cell activation is relevant. In T cell activation the central role is attributed 
to CD80/CD28 interaction. According to the data contained in the present invention the claimed 
compounds are qualified binders to CD80 (see table 1, in particular compounds 5, 9-15, 17-18, 
26-27, 30, and 32-33, and paragraphs [0167], [0177] and [0178] of the homogenous time 
resolved fluorescence assay (HTRF assay). In this context, reference is made to the 2nd sentence 
of paragraph [0173]: ''the compounds of examples 7, 11 & 18-21 have greater affinity and longer 
residence times on CD80 than CD28, having Kr^ of less than 100 nM, and off-rates of 2* 10'^ 
indicating that the pyrazolones will be able to compete effectively with the endogenous ligand." 
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Therefore, the present application itself already contains convincing data that the claimed 
compounds are suitable for treating the autoinunune disease mentioned in amended claim 16. 
Furthermore, at the priority date of this appHcation, which is November 4, 2003, it was known to 
the person skilled in the art that activated T cells inappropriately attack and destroy host cells of 
various tissues in autoimmune diseases.' 

It was also known that T cell activation requires a co-stimulatory signal generated by the 
interaction of CD80 (a molecule on the surface of antigen-presenting cells) and CD28 (a 
molecule on the surface of T cells).^ Therefore, at the time this application was filed, it was 
reasonable for one skilled in the art to consider that an agent which blocks the CD80/CD28 
interaction would prevent or reduce activation of T cells, thereby reducing the damage caused by 
activated T cells in autoimmune diseases. In fact, many research groups have explored and 
continue to explore agents which act to suppress T cell activation. The relevance of suppressing 
T cell activation for treating autoimmune diseases is confirmed by post-filing date references, 
such as those provided in the IDS for rheumatoid arthritis,^ psoriasis,'* multiple sclerosis^ and 
type 1 diabetes.^ 

Representative examples of such agents are HMG CoA reductase inhibitors^ and tyrosine 
kinase inhibitors.* Other examples of such agents already are on the market, such as for example 
anti-TNF (tumor necrosis factor) antibodies which inhibit one of the major T cell pro- 
inflammatory cyokines. Anti-TNF antibodies include infliximab (REMICADE®), a dalimumab 
(D2E7/HUMIRA®) and) etanercept (ENBREL®).^ More recently, abatacept (ORENCIA®), a 
protein which inhibits co-receptor signaling on T cells, has also reached the market showing \ 
good efficacy in rheumatoid arthritis. '° [ 

The following articles are attached to this response. 

' see Kobata et al., Rev. Immunogenet. 2000, 2(1), 74-80. 

^ see Lenschow et al.. Arm. Rev. Immunol. 1996, 14, 233-2S8, cited in par. 3 of the specification; see also Linsley 
et al. J. Exp. Med., 1991, 173, 721-730; Dubey et al., J. Immunol., 1995, 155, 45-47; and Suresh et al., J. Immu- 
nol., 2001,161, 5565-5573. 

^ see Cope et al,, Clin. Exp. Rheumatol. 2007, 24, 4-11. 
" see Choy, Curr. Rheumatol. Rep. 2007, 6, 437-441. 
' see Weiss et al., Neuroimmunol 2007, 191, 79-85, 

* see Mallone and Endert, Curr. Diab. Rep. 2008, 8, 101-106. 
' see Brumenau et al., Clin. Immunol. 2006, 1 19, 1-12. 

* see Appel and Brossart, Endocri. Metab. Immune Disord. Drug Targets, 2001, 7, 93-97. 
' see Kristensen et al., Scan. J. Rheumatol. 2007, 36, 41 1-417. 

see Chitale and Moots. Expert. Opin. Biol. Ther. 2008, 8. 115-122. 
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Claim 16 is in full compliance with the enablement requirement. Withdrawal of the 
present rejection is requested. 

CONCLUSION 

It is believed that no fee is required for this submission. If any fees are required or if an 
overpayment is made, the Commissioner is authorized to debit or credit our Deposit Account No. 
1 9-073 3 , accordingly. 

All rejections having been addressed, applicants respectfully submit that the instant 
application is in condition for allowance, and respectfully solicit prompt notification of the same. 

Respectfully submitted, 
BANNER & WITCOFF, LTD. 

Dated: February 24, 2010 By: /Susan A. Wolffe/ 

SusanA. Wolfife 
Registration No. 33,568 

11 00 1 3* Street, N. W., Suite 1200 
Washington, D.C. 20005-4051 
Tel: (202) 824-3000 
Fax: (202) 824-3001 



t- 



Page 8 of 8 




Genetics and 
Immunobiology of 
Autoimmune disease 

EDITOR TAKE H'KO SASAZUKI 



T. Kobata Role of costimulatory molecules In 

HYagita aiitolinniunlty 

K. Okumura 



t: The precise inechanisms by which self reactive T cells are acti- 
vated and tolerance to self-antigens is broken are still not fully understood. 
It IS widely accepted iiwt dysregulation of cosmnutation contnbutes lo the 
intbatton and maintenance of autounmunity due to activation of $etf-re»ctive 
T ceils. Many of the oostimulaiory molecules litought to be essent^l for T 
eel] activation have been identified. The CD2aCD152 (CTLA;4)^l«0i<Cl)86 
and C04(K3}154 (CD«) ligand) interactions aiie such rec^tor/ligand pairs 
that have been shown to be important in interactions benveen amijrenijre 
senting cells and T cells. In vtvo studies iising costmiulatory molecule 
speatic antibodies and fusion proteins and genetically manipulated animals 
have gteatly mcreased our understanding of the rote of these costiraulaiory 
molecules in the regidation of cellular processes that lead to autwranunity 



0:2: 



Optimal T cell activation requires tvro signals (1). Signal 1 is tlie 
oocupahon of the T cell receptor (ICR) by a complex formed be- 
twreert an antigen peptide and the major histocompatibility complex 
(MHQ molecules on the surface of the antigen-presenting cell (APC). 
The second (costimulatory) signal is delivered by molecules on the 
APC surface. Signal 1 is therefore antigen-specific whereas signal 2 
IS non-antigen specific The most important costimulatory signals 
for T cell activation are celt-cell intmctions through membrane^ 
bound ligand/receptor pairs. 

One of the most important evaite in the development of autram- 
mune disease is the activation of self-reactive T cells (9. The precise 
mechanisms by which self-reactive T cells are activated and toler- 
ance to self-antigens is brolten are not yet fitlly understood. There 
IS abundant evidence for dysregulation of costimulation as one of 
the mechanisms involved in autoimmunity. Over the past several 
years, the use of genehcallv manipulated animals and in mo admin- 
istration of antitKidies and fusion proteins speafic for costimulatory 
molecules have provided us with an understanding of the molecular 
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ntechanisms by which an autoirnmune response is initiated and con- 
ihrough the dysregulatiosi of costimulation (Table 1). 



piHrittve regulation of solfvoactivo T call 
aetlvatloii by costiimilatory molaculea 

Since costimulatory signals are important factors in determining 
lljdher presentation of antigens to T cells leads to activation or 
iliergy, it has been suggested that costimulatory molecules are in- 
Tolvftl in the regulation and activation of self-reactive T cells. Sev- 
ligand/receptor pairs have befin shown to provide costimulatory 
urtlions involving activation of T cell proliferation and production 
of effector cytokines after TCR signaling Two of tliese ligand/ 
ea-ptor pairs, CEW0/CD8fra)2»CD152 (CTLA-4) and CD154 (CD40 
figand) CD40 have received conaderable attention. Hiese interac- 
tions have been shown to be essential for costirttulation at the im- 
synapse between APCs and T cells because QXOI 
nteractions play a crucial role in antigen presentation 
it induction of anergy (4, 5), while CD154-CD40 interac- 
ts required for the activation of APCs (6), When CD4 T jcells 
d by antigen presented on APCs, they upregulate CD154 
fl surface. In turn, they upregulate CD8Q/CD86 on APCs 
). Finally. GDSWGEWe activates T cells via OSa Thus, 
s control the expressimi of 




Kobata et ai : Costimulatory molecules in sutolmmwie diseases 



molecules such as CD80/CD86 on AFCs, and regulatkm at this step 
may provide a safeguard to help prevent activation of self-reaetiV* 
T cells and autoimmune re^onses (7). 

Wndhagen et at showed that early multiple sclerosis <IKB) 
lesions in the human central novous system were accompanied by 
upregularton of costimulatwr molecules such as CD80 and CD86. 
ht vUm experiments have shown ttiat myelin-specific T cells from 
healthy individuals require CD8(VC1)86 costimulation, whereas T 
cells from MS patients are already activated in and are costimu- 
lation-independent {9). Overexpression of CD80 has also been de- 
tected on B cells and monocytes in synovial fluid in patients widi 
rheumatoid arthritis (RA) (10) and in th<se with autoimmune thy- 
roiditis (11). Q)i54 is upi^ulated on T and B cells in patients with 
systemic lupus erythematosus (5LE) and in a murine model of SLE, 
BXSB a2-14). Taken togefter, these studies Suggest that Costimu. 
latoiy molecules such as GD80 and CD1S4 are upregulated in a 
number of autoimmune diseases, and that this process may be re- 
quired for the activation of self-reactive T cells. 

Based on these observations, C[)152-lg, which bloclts the uiterac- 
tion between CD28 and its ligands CD8(yCI>86, has been used in the 
treatment of experimental autoimmune encephalomyelitis (EAE), a 
model for MS, to sucoessftiUy inhibit T cell activation and induce 
immunological tolerance iti vao (15, 16). Addition of CDlS2-)g also 
blocked autoantibody production and prokmged fife in the New Zea- 
land Black/White (NZONZW) Fl lupus mouse model ill). However, 
CD152% or anti-CD86 antibody (Ab) inhibited die develofxnent of 
autoimmune diabetes in the non-obese diiabetk (NOD) mouse, a 
model for insulin-dependent diabetes meititus (IDDM), while anti- 
CD80 Ab accelerated it (18). Furthermore, anti-CDBO Ab, but not 
anti-CD86 Ab, inhibited the development of EAE (19) and blocked 
epitope spreading during remission, resulting in long-term inhi- 
bition of relapses (20). Thus, CD80 and CD86 may have distinct 
regulatory fiinctlons during die development of individual autoini- 
mune ^sea^ although CDSQ/CD86-CD28 interactiots sae ctosely 
involved in autoimmune responses. 

CD28Klefident mke were highly resistant to collagen-induced ar- 
thritis (CLAX a model for KA (21). Oliveira-dos-Santos et al. (22) 
recently reported that EAE could be induced at high antigen doses 
in CD28Kleficient mice, suggesting that CD28 does not regulate im- 
munological anergy, but rather adjusts the threshold for the acfi- 
vation of self-reactive T cells. 

Administration of anti-CD154 Ab significantly prolonged sur- 
vival, reduced the severity of nephritis and diminished associated in- 
flammation, vasculitis and iibro^ in lupus-prone mice, (SWR/NZB) 
Fl ^. During the inductioi of experimental autdmmune myas- 
thenia gravis (EAMG). CDlS4-deficient micis were canpletiely resis- 
tant while CD28<lefident mice became less susceptible (24). The role 
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of CD154-CD40 interactions in the development of autoinmune dis- 
eases was also studied in a defined system where CD154-deficient 
mice expressing a myelin basic protein (MBP)-specific TCR transgene 
weit Vised for the ME modef. Although T celb m these mice were 
more than95% self-reactive T cells, and the% cells were functional in 
oitro in the presence of GD80'* APCs, they could not develop MBP- 
mdiiced EAE (2S). confirming that GDIS*CD40 interactions have 
profound effects on the activation of self-reactive T celb by inducing 
costimulatory activity on APCs m vivo. These studies also provided 
further evidence that this step is involved in the induction of costimu- 
latory molecules such as Cn80/Ci:)86 on APCs. 

Although blockade of CD80/CD86-CI)28 interactions prevents 
autoantibody production and nephritis, and prolongs survival of the 
N2B/NZW Fl lupus mouse model the effect is sh.art4ived and 
chronic treatment is required for sustained inmiunosuppression. 
However, brief simultaneous blockade of 0080/0)86-01)28 and 
a?154-eD40produr^ benefitsthat last long after treatment has been 
discontinued in NZB/N2W F 1 mice (27), These results again support 
the notion that CD154-CD40 interactions regulate the subsequent pro- 
cess of costimulation mediated by CD80/CD86-Crj28 interactions. 

On the other band, complete protection against autoimmune dia- 
betes in NOD mice was induced by blockade of interactions between 
leukocyte function-associated antigen (LFA)-! (CDUa/CDl^ and in. 
tercellulai- adhesion molecule (ICA.VI)-! (CI>54) SB). eD134 (OX^), 
a member of the TNF receptor family like 0040. is expreasd pri- 
marily on activated 0)4 T cells and mediates a costimulatoiy signal 
for them. 0)134 Ta selectively upregulated on encephalitogenic T 
cells in EAE (29). Recently, Weinberg et al (30J have demonstrated 
that blockade of CI)134 with CD134 ligand, which is exprssed on 
APCs, reduced the development of EAE. 

The availability of transgenic mice has shown, however, that 
aberrant expre.'aion of costimulatory molecules would not solely 
account for activation of selfi«active T cells and resultant autoim- 
munity. TVansgenteally'induced exivession (rf CpSO on cells such as 
p cells in the . pancreas did not induce autoimnnine diabetes, , al^ 
thoi^gh it was suffk:ient to confer APC fnnicti&n» sui^e^ings that 
additiwial Eactbrfe) are required to develop autfflinmunity (31-33). 
Most seKreactive T'cells have prolxibly been "tpleized" in Ae thy* 
mus, leaving mainly low-affinity T cells or T celts specific for anti- 
gens that are exclusively expres-sed on peripheral tissue. Moreover, 
ceils in most tis.sues expre.ss low levels of MHC class I, and usually 
no MHC class II, limiting the level of expression of any given MHC/ 
peptide complex and thereby ensuring that only high-avidity T cells 
can be activated. Indeed, b-ansgcnk; mice that also expressed high 
levels of MHC class ll/pt^tide <»mpk>x dcvekiped diabetes (32, 34). 
Reciprocally, trans^ic mice 4evek>ped aujtoilmsaune diabetes itt the 
pnaserice of a highFoportibn of specific T cells provided by trans- 
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gcnically-encoded TCR specific for a P cell antigen (33). These|| 
suits reinforce the notion that a strong MHC class H/antigen jjj 
tide/TCR interactkm (sgnal 1) is essential for the initiation of ai| 
immune response even if costimulatix? molecules are aberraii 
expressed on target cells. 



Negative reflation ef sel^reactive T cell 
acUvatioii by ooetUniilatery molecules 

•3 

The above studies in genetically engineered mice and mice tre| 
with antibodies and fusion proteins specific for costimulat<jiry^i 
ecules iMwided the first conclusive evidence that dysregu]ati(^ 
costimulation can kad to the activation of selfireactive T cells.^ 
trary to the previous notion that signal 1 through the TCR 
absence of a costimulatory signal would induce peripheral toleraii 
(34), studies with CD152 rtelicient mice clearly showed tlie nequij^ 
mem for costimulation m the maintenance of tolerance (35. 2lSiM 
tiiict signaling patterns triggered by the binding of CD28 
CD1S2 costimulatory receptors to their ligands CDgO and ^ 
imply additional relation of the fate of T cells determined fc 
signals (37). After intfiractkm with GD8G/CD86t €1)28 tod 
mediate positive and negative signals, respectively, for T 
vatkHi (35, 38, 3S0, siiid Cni52 is critiotl for the induction of 
eral T cell tolerance and deletion trf self-reactive T cells (40). CB 
is exi»essed (Mily transiently on the cell surface, primarily 
cell activation (41), implying that T cell actuation is regulatei 
the net balance between on and off switches (42). Down-rcgji| 
of T cell activation in vivo may result firom the specific recogl 
of ClWCnae by Cni52. and not because of a larjt of costir 
(43). 

In CD152-deficient mice that exhibit defects in cill death I 
anisms, lack (rf induction of T eel! death can lead to the d< 
ment of autoimmuiiity (44). tndeed, CDlS2-deficient mice wei 
tected from lyn^hoproliferativc disorders when injected from 
with soluble CD152 which btocks CD28-GD80/CD86 intt 
This suggests that the role of CDI52 is mainly to down- 
least the dwial expansion of activated T cells (35). This notiott 
ainfinned by studying transgenic mice expressing a CDl 
transgene; soluble CD152-lg prevented rather than facilitated I 
antigen enterotoxin B-induced T cell aneigy (45), In addition, 
ment of EAE-resistant mice vrfth anti-CD152 Ab could indi|| 
exacerbate the disease (46>. 

tymphocytes of NOD mice are resistant to apoptoMs. As 
loctjs that controls the apoptosJs-resisiance ptenbtype is liiSS 
the Id^ diabelogenk: Vxm on chromosome I. Interestingl]! 
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InitiBtian of immune response by costimulatory molecules 

lological synapse. Activation of TCR induces expression of 
and CD134 on the CD4 T cell surface. CD154 engagement of CD40 

ts in IL-12 production and upregulatton of CD8(V86 and 
" expression on the APG surfac^ which then tosiiraulates eD4 T 
via CD28 and CD134. ra^jectively, subsecpientjy resulting in IL4 pto- 
„ At present, it is not clear whether the same APCs and CD4 T cells 
both CD134L/IL-12 and CD154/CD134, respectively. 



also contains the cdl52 and cd28 genes (47). Expression of 
on NOD T cells is defective. Accordingly, if CDI52-mediated 
6 which normally confers protection from autoimmune dis 
maintaining peripheral tolerance, is deficient in NOD T 
reduced siirfece eiqMtssior of CD1S2 and altered GP1S2 sig- 
would induce survival of se^-reactivB T cells, thebr^dbwn 
and suscepdbility to autoimmune diittase. 



The notion that regulatory T cell anergy induced by impaired 
cnstiraulaticn may lead to the pathogenesis of an autoimmune dis- 
e^ is afeo intriguing. Impaired GDSO/CDBS expression on APCs 
arid defectt in CDSOODa&CDZa costimtilatiori uiidetiie abiwntial T 
iiell iactivsitioh iii SLE jpatients (48>, and downrregulatioti of GD28, 
CD80 and CP86 exfacKion has also been described in T cells and 
APCa. tesipcCtivily, fiom patients with primary biliary cifrhosis (49). 
COa-defiieient and (a)lS2-Ig transgenic mice promoted the develop- 
ment and progression of spontaneous autoimmune diabetes in NOD 
mice (50>, in malted contrast to the resistance of CD28<leficient 
mice fo induction of experimentalautpimmune diseases such as CIA 
and EmG 0, M The developffieijt of Ep; was significantly 
enhanced h IGAM-l^ifeficim : rafcc,; explain^ by the defect in 
iOAM-i-mediateri dbwn^sgufetipn of^a^ 



It is generally thought that organ-specific autoimmune disease re- 
sults from a (weponderance of Thl cells oyer Th2 cells. Cytdtines 
siidi ias IFN-y sareled byThl «lls^^ 

difiector cells, niediating inflammation and tisstfe injury in tatlget 
oigans. On the other hand, TM toIIs: produce cytojsines such as iL- 
4 and JL-iP, ariiJ st^ipfess the td^^ immune tcspon.se fh- 

duced by iThl psils. Cytokines produced by each subset promote 
growth of their own subset in an autoaine fashion and inhibit the 
dmlopriKM and function of the other subset. IL 12 and IL-4 play 
decisive roles in the polarization of T cells, guiding T cell responses 
towards the Thl or Th2 phenotype, respectively ^, S3). The piina- 
pal source of IL-12 is activated APCs such as macniiphages and 
dendritic cells (IX^). whet)e?s E.4 b antigen- 
stimulated CD4 T cells (Fig. 1). Several ex{iQrnnental models of auto- 
immune disease have shown that Tl6 cytokines may be implkatea 
in the regulation of the activity of self-reactive T ceils (54, 55). 

Expression of CD80, CE^ and IL-12 has been observed in early 
MS lesions (8), .suggesting that upregulation of CD80 and CD86 in- 
duces Thl type immune responses. In EAE induced with the myelin 
proteolipid protein (PLP), the pathological process depends on Thl 
cells that initiate inflammation within the brain, it is believed that 
immunization with PLP recruits pathogenic Thl T alls. Wheit ani- 
mals were immunized with the same peptide in the presence of anti* 
CDSO Ab. they were fHofected from EAE due to the genaiatidn (rf 
PLJ?.K!active Th2«lls (19, 56). However, in EA^; induced withiMBP, 
NffiP-speciftc Th2 cells had the potential to induce EAE and disease 
indtked by piieviOiialy activiated Thl cells could not be prevented 
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by normal lymphocytes or by previously activated Th2 cells (57). 
In addition, myelin oligodendrocyte glycoprotein- or MBP induced 
BAE was significantly enhanced in ICAM-l-deficient mice with re 
duced Thl cytokine production and elevated Th2 cytokine produc- 
tion (51). 

Orally administered proteins induce systemk: hyporesponave- 
ness to the fed protein. The mechanism underlying oral tolerance 
depends on ttie amount of antigen fed. with higher doses inducing 
deleriMi and anergy, and lower doses inducing regulatory cells. 
Orally administered autoantig«is suppress many experimental 
autoimmune diseases. In low dose oral tolerance to MBP in the EAE 
model, anti-CD86 Ab a\jgmented TGF-p production and blocked in- 
duction of the tolerance (58). Jn high-dose oral tolerance, CD153- 
mediated costimulation was required for the induction of peripheral 
T ceil tolerance in antigen>speafic TCR transgoiic mice It has 
been recently demonstrated that IL4 produetiai by naive T cells 
vvas highly d^ndafit cm CD6()/CD86 ^) and that CD152 eng^^ 
ment induced TGP-p production (61), which, in part, contributes to 
the downreguJatkai of T cell activati(»L 

GDI54 expression on T cells is elevated in patients vrith SLE 
and RA (12, 13). Because of C»J54 upregulation, CD4 T cells can 
fleetly induce B cell proliferation leading to autoantibody produce 
tion, as -well as upregulate production of cytokines such as IL-12 
from APOs in a coniact-dependent manner (6^. CDlS4-delicient 
mice fail to develop IFN-r-fMBducing T cells or devetop EAE even 
when carrying a transgene for M^-spedfic TCR (2^. This pheno- 
type could be normalized by the transfer of CD80'^ APCIs (25). 
(^154-defident mice are also resistant to the development of 
EAMG (24), Animals treated with anti-CD154 Ab do not develop 
lupus or CtA (23, 27. 63). Whether these diminished T cell mediated 
responses induced by bkxkade of eD154-GD40 interactions result 
from diminished cell extravasation, reduced induction of inflamma 
tory cytokines, decreased activation of APC functions, decreased T 
cell activatiOT, and/or decreased maturation of Thl cells has not yet 
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resulted in excessive production of lL-4. This may be in a 
with the notion of aggravated E;AE with ni2-polan2ation m ICAM->r' 
1-deficient mice (51). ''"^ 

The strength of MHC class li/antigen peptide/TCR inttraa»on;';i 
which Spends on the overall avidity of the interactions betveri^^ 
APCi and T cells, also controls the profile of q^kine secretion Ir 
T cells. The use of different antigwj doses in atro and w ^ 
and altered p^ide iigands. revealed that kywHvavidtty it 
result in reduced CD4&CD1S4 intieractions between AFC^ a 
cells, and hence reduced IL-12 production, which appears, to £a 
Th2 cell development (66). 

Thus, while under certain circumstances Th2 cells can ioh 
autoimmunity by suppressing the functions of self-reactive T osfejS^ 
under other conditions the same cells can promote autoimmune di-i' 
ease such as EAE and autcnmmune diabetes, dep^iding on Ifeesg 
tern studied. The ovasimfdiiication intrinsic to die Thl p 
Th2 protective paradBgm does not appear to fully describe the oc 
plexity of the immune response, although the concept of a TbV 
dichotomy is largely valid. Similarly, although it has I 
sidered that each costimuiat<xy molecule affects differentiadQEf|i 
ThJ or 1112 cells, th^telauionship ife StiU flbscore. 




CD134L is induced w B ceUs and DC& after (3)40 ligation. IMig 
in vitro preparations, Flynn et aL (64) recently showed tliat costsnsi- 
lation of naive CD4 T cells through CDlSi iiromotes IL4 expression 
and inhibits IL-12-induoed FN-r expression, suggesting that CD134 
promotes the differentiation of Th2 cells. Thus, the therapeutic ef- 
fect of CD134-Ig on EAE (30) does not seem to be due to modulation 
of the balance between Thl and Th2 cells. 

lCAM-1 appears to 'play a decisive role in the inhibition of 1-4 
production, at least in part by AFC-T cell interactions. Recent 
studies by Luksch et al. (65) have demonstrated that coe^qpression 
of ICAM-1 and CDBOKm on APCs induced little JL4 fmm naive 
T cells, while expression of CD80/CD86 witfiout ICAM-l on APCs 



The studies discussed above have delineated the cestral nie a 
APCs in integrating both environmental and accessor) ; 
which then determine CD4 T cell fate through costimulaiory ttarf.-'f? 
ecules. Antigen presenlaiioii and subsequent T cell activ.iiion ai*-' '* 
coordinately regulated at this immunological synapse where CDISA*.:^ 
CD40 interactions appear to play a pivotal regulatory role. 1 
the involvement of costimulation and its modulation or d 
ation are directly relevant to activation of self-reactive T ceJfef 
complete agreement on the relationship betweoi costimulaton' ni 
ecuks, Thl/Th2 dif&rendation and pathogoiesis/pathophys 
may reflect the complexity of aatdnununity in each individual di 
ease. One might ask why so many costimulatory molecules havf ^ 
been proposed to account for the immune response or auti immail»- 1* 
ity. Perhaps the simplest answer is that the immunological synapse 
involves so many distinct hgand/receptor interactions, each capabir 'Y 
of inducing qualitatively different signalhig events, that one J»- ^ 
quires an extremely complex system for amplification, terminatjon '4. 
and fine control. After further accumulation of evidence of « 
fijnctions mediated by each costimulatory molecule, manipulatini^ ^ 
the costimulatory signal wtll indeed be the goal of therapeutic str^- j 
e^ for autoimmune diseases. 
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Abstract 

T cells play a central role in the initiation and regulation of the immune re- 
sponse to antigen. Both the engagement of the TCR with MHC/Ag and a second 
signal are needed for the complete activation of the T cell. The CD28/B7 lecep- 
tor/ligand system is one of the dominant costimulatory pathways. Interruption of 
fliis signaling pathway with GD28 antagonists not only results in the suppression 
of the immune response, but in some cases mduces antigen-specific tolerance. 
However, the CD28/B7 system is mcreasmgly complex due to the identification 
of multiple receptors and ligands with positive and negative signaling activities. 
This review summarizes the state of CD28/B7 immunobiology both in vitro and 
in vivo; summarizes the many experiments that have led to our current under- 
standing of the participants in this complex receptor/ligand system; and illustrates 
the current models for CD28/B7-mediated T cell and B cell regulation. It is our 
hope 'and expectation that this review will provoke additional research that will 
unravel this unportant, yet complex, signaling pathway. 



INTRODUCTION 

One of the fundamental elements of the immune system has been the evolving 
strategies for exquisite self/nonself disCTimination. The T cell receptors (TCR) 
and B cell receptor (BCR) play a major role in defining the fine specificity of an 
immune response. However, other mechanisms have been adapted to protect the 
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body from untoward autoimmime reactions and to focus the immune response 
on tihie infected target tissue. These mechanisms include a unique architectural 
structure of the lymphoid tissue, the evolution of professional antigen presenting 
cells (APCs), localized antigen deposition, and homing receptors that bring the 
relevant immune cells to tihe inflammatory sites. Another mechanism that has 
developed as both a backup and amplification system has been the requirement 
for two distinct signals for T cell and B cell activation (1, 2). One signal 
originates from the ligation of the T cell receptor (TCR) complex and its co- 
receptor^ (e.g. eD4 and CDS). The second signal is dependent on either 
soluble factors such as IL-2 or the ligation of cell surface molecules that provide 
essential costimulatory signals complementary to the TCR engagement (3, 4). 
The costimulatory interactions are necessary for effective lymphocyte activation 
and also serve to enhance the immune response. 

It is now accepted that a major T cell costimulatory pathway involves the 
CD28 molecule. CD28 interactions with the B7 family of costimulatory ligands 
are essential for initiatmg antigen-specific T cell responses, upregulatrng cy- 
tokine expression and promoting T cell expansion and differentiation. However, 
as is evident m this review, we have just begun to understand the complexity of 
the CD28/B7 costimulatory padiway. 

THE CD28/CTLA-4 GLYCOPROTEINS 

Expression ofCD28 and CTLA-4 

The CD28 glycoprotein is expressed constitutively on the surface of 80% of 
human T cells (all CD4+ cells and about 50% of CD8+ cells express CD28) 
and on virtually 100% of murine T cells (5, 6). CD28 is also highly expressed 
on developing thymocytes, although its role in T cell development is not well 
understood (see below) (7, 8). CD28 expression is not static because the levels 
of CD28 increase on T cells following activation (9). However, ligation of 
CD28 with either anti-CD28 mAb or B7-l-transfected cells in the presence of 
PMA or PHA stimulation downregulates CD28 mRNA levels and cell surface 
expression. There was a concomitant reduction in CD28 signaling as CD28- 
induced calcium mobilization was significantly reduced (10). CTLA-4, on the 
other hand, is not constitutively expressed on T cells. Instead, it is upregulated 
following T cell activation due to positive regulatory elements (1 1-13; Z Wang, 
CE Donavan, H He, J Listman, G Guan, T Walunas, JA Bluestone, DL Perkins 
8l PW Finn, unpublished observations). In both human (1 1) and murine (14) 
systems, cell surface expression of CTLA-4 peaks 48 h after activation, return- 
ing to background levels by 96 h. Thus, the period of time in which CD28 is 
transiently downregulated and less responsive to signaling is tiie time period 
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during which CTLA-4 expression is maximal, suggesting that CTLA-4 may be 
functionally active at a time when CD28 function is impaired. 

The ligation of the CD28 molecule appears particularly important for CTLA- 
4 upregulation and function. CD28~ human PBLs do not upregulate CTLA-4 
mRNA following stimulation by PMA and calcium ionophore (15). Further- 
more, anti-CD28 mAbs accelerate the kinetics of CTLA-4 mRNA accumula- 
tion among human PBL, such that CTLA-4 mRNA was observed as little as 1 
h following activation m the presence of anti-CD28 and at a peak by 6 h (15). 
Finally, activated CD28~/~ murine T cells did not express significant amounts 
of CTLA-4 at the cell surface unless exogenous lL-2 was added, suggesting tiiat 
CD28 regulates CTLA-4 expression (14). Linsley and colleagues demonstrated 
a role for integrms m the regulation of CTLA-4 expression (11, 16). Purified 
human T cells do not upregulate CTLA-4 following stimulation with anti-TCR 
mAb alone. The addition of either an immobilized form of soluble ICAM-1, 
a ligand for LFA-1, or VCAM-1, a ligand for the VLA-4 accessory molecule, 
resulted in significant expression of CTLA-4 (11, 16). It is, therefore, likely that 
several signaling pathways play an important role in controlling the expression 
of CTLA-4. 

Finally, one of the more interesting and puzzling aspects of CTLA-4 biology 
is the discordance betweai mRNA transcription and cell surface expression. 
We, and others, have shown that although mRNA levels are increased rapidly 
following T cell activation, cell surface expression is delayed (15). Activated 
CD4+ and CD8+ populations of both human (1 1, 13) andmurine (12) origin ex- 
press CTLA-4 mRNA, as do human and murine Thl and Th2 T cell clones (13). 
Detailed studies have shown that CTLA-4 mRNA levels peak approximately 
24 h following stimulation with PMA or alloantigen, subsequently decreasing 
to near background levels by 72 h (11, 15). In fact, in many T cell clones, 
little, if any, CTLA-4 is expressed following T cell activation even though 
mRNA is readily detectable in the same cells (R Abe, TL Walunas, C June 
& JA Bluestone, unpublished observations). In fact, efforts to develop full- 
length CTLA-4 transfectants and CTLA-4 transgenic mice have to date been 
unsuccessful. These results suggest that either CTLA-4 expression is post- 
transcriptionally regulated, or other, as yet unidentified, CTLA-4-associated 
proteins are needed for transport and cell surface expression. 

General Protein Characteristics 

Both CD28 and CTLA-4 exist as disulfide-linked homodimeric glycoproteins 
(4, 5, 1 1, 17). However, several groups have suggested that these molecules can 
also exist as monomeric proteins (15, 18). In our studies, murine CTLA-4 was 
found to exist on the surface of activated T cells as both a disulfide-linked dimer 
(with the monomer migrating between 33 and 37 kD) and a non-disulfide-linked 
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monomer (14). Individual anti-murine CTLA-4 mAbs preferentially precipi- 
tated monomeric vs dimeric forms of the glycoprotein (18). The two molecules 
are likely to exist in multiple isoforms on the cell surface (18). Discrepancies 
between the various studies may be the result of variations in the serological 
reagents*. Both CD28 and CTLA-4 have an unpaired cysteine residue at a po- 
sition just proximal to the transmembrane domain (19). This site is believed to 
be the site of dimerization for both CD28 and CTLA-4 monomers and could 
potentially be iovolved in the formation of heterodimers between CTLA-4 and 
CD28 glycoproteins. Although genetic and biochemical studies do not sup- 
port this possibility, anti-human CTLA-4 mAb specifically immunoprecipitated 
CTLA-4 from COS cells cotransfected with human CD28 and CTLA-4 (1 1). In 
addition, there was no evidence for depletion of CTLA-4 following preclearing 
of membrane extracts of activated human T cells with anti-CD28 mAb (15). Fi- 
nally, CTLA-4 precipitated from activated CD28- -deficient (CD28-/-) murine 
T cells was identical to tiiat observed from CD28+ T cells (14). Thus, it appears 
that heterodimerization of CD28 with CTLA-4 is not required for CTLA-4 ex- 
pression on the cell surface, and vice versa, although low levels of functional 
heterodimer expressed on activated T cells cannot be completely ruled out. 

Regulation of T Cell Activation by CD28 and CTLA-4 

THE ROLE OF CD28 IN THE REGULATION OF CELL CYCLE PROGRESSION AND APOP- 
TOSIS The proliferative responses of T cells isolated from CDZB"/"" mice or 
CD28''' mice stimulated in the presence of CD28 antagonists are substantially 
reduced, (21). However, recent studies have shown that CD28/B7-mediated 
signaling does not affect initial T cell proliferation (24-48 h) but attenuates the 
late proliferative responses (20, 21; JA Bluestone, unpublished observations). 
This is manifested as increased T cell death (apoptosis) late in culture that 
caimot be fully reversed by the addition of IL-2 or other survival cytokines. 
Thus, although CD28/B7 mteractions clearly can facilitate the initiation of T 
cell responses, the major role of CD28 signaling may be to prevent apoptosis 
and help sustain proliferation. In this regard, a recent study has focused on the 
role of CD28 in the regulation of two genes believed to be involved in the pre- 
vention of cell death, bcl-2 and bcl-x. Both bcl-2 and the high molecular weight 
form of bcl-x, bcl-xu protect lymphocytes from apoptosis (22-24). Boise et 
al showed that while CD28 costimulation does not lead to any changes in the 
levels of bcl-2 found in activated T cells, that it does upregulate bcl-XL and that 
this upregulation correlates with protection from cell death by a Fas dependent 
mechanism (25). 

THi/rH2 SUBSET DIFFERENTIATION CD28 engagement has been shown to en- 
hance the production of various qrtokines, including IL-1, IL-2, IL-4, IL-5, 
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TNF, and WN-y (5, 26, 27). However, recent studies in vitro and in vivo sup- 
port a fundamental role for CD28 in the early development and differentiation 
of both Thl and Th2 T cell subsets (28-30; LMC Webb, M Feldmann, personal 
communication). In the absence of CD28 signaling, naive T cells are biased 
toward a Thl phenotype. Seder et al demonstrated that no IL-4 was produced 
when CD28/B7 interactions were blocked with hCTLA4Ig (28). In this system, 
the lack of IL-2 production was the underlying cause for the effect, since the ad- 
dition of exogenous IL-2 overcame the defect in IL-4 production. In additional 
studies, differentiation of human Thl/Th2 subsets was shown to be dependent 
on CD28 ligation. Purified naive human T cells stimulated with anti-CD3 in the 
absence of CD28 costimulation produced only IL-2 and DFN-y , whereas the ad- 
dition of anti-CD28 mAbs induced both IL-4 and IL-5 (29; LMC Webb, M Feld- 
mann, personal communication). The requirement for CD28 could not be over- 
come in these cultures by the addition of exogenous IL-4, suggesting that CD28 
ligation may regulate oflier factors involved in T cell responsiveness to IL-4. 

The importance of CD28 costimulation in the differentiation of Th2 cells is 
supported by several studies in vivo. The CD28~^~ mice have a reduced Th2- 
dependent antibody response to VSV, while the Thl-dependent DTH response 
to LCMV remains intact (31). In addition, CD28~/~ mice can reject allografts 
(DJ Lenschow, J Green, Y Zeng, CB Thompson, & JA Bluestone, unpublished 
data). The murine CTLA4Ig transgenic mice display a similar phenotype, 
with the most dramatic defect being a hyporesponsive B cell compartment (32, 
33). T cells isolated from CTLA4Ig transgenic mice produce significantly 
decreased amounts of IL-4 and increased amounts of IFN-y in response to pri- 
mary immunization, and the B ceUs demonstrated impaired humoral responses 
to multiple antigens as compared to wild-type animals (32, 33). Furthermore, 
in the murine model of leishmaniasis the administration of hCTLA4Ig at the 
time of inoculation resulted in protection in the susceptible, Th2-type BALB/c 
mouse strain, but it had no effect in the resistant, Thl-type C57BL/6 mouse 
strain (34). Finally, hCTLA4Ig treatment blocked the induction in vivo of 
an IL-4 response to a nematode parasite, Heligmosomoides poly gyrus. Mice 
treated with hCTLA4Ig at the time of infection generated significantly reduced 
numbers of IL-4 secreting cells, decreased levels of serum IgE, and reduced 
blood eosinophil counts (35). These results are most consistent with a model 
in which CD28-mediated signaling directly regulates Thl/Th2 differentiation. 

CTLA-4 FUNCTION Although CD28 is clearly a costimulatory molecule, the 
function of CTLA-4 remains controversial. Early studies predicted that CD28 
and CTLA-4 might play similar roles in the regulation of T cell responses, 
due to the amino acid sequence homology and ligand binding specificity. The 
first studies examining the role of CTLA-4 in proliferative responses in vitro 
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suggested that CTLA-4, like CD28, was indeed a costimulatory molecule. Im- 
mobilized anti-human CTLA-4 mAbs in the presence of TCR stimulation aug- 
ment proliferation, although to a lesser degree than does anti-CD28-mediated 
costimulation. When both mAbs were present together with the anti-TCR 
stunulus, synergistic proliferation was observed (11). However, additional 
functional studies in both the murine and human systems suggested a different 
role for CTLA-4. Whereas anti-murine CTLA-4 mAb augmented prolifera- 
tion of purified T cells, monovalent Fab fragments of the anti-CTLA-4 mAb, 
which do not cross-link CTLA-4, also augmented proliferation (14). Thus, 
CTLA-4 cross-linking may not transduce a positive signal, but rather the 
anti-CTLA-4 mAbs may block a negative signal by iaterrupting the interac- 
tion of CTLA-4 with its counterreceptors. In fact, whole anti-CTLA-4 mAbs 
mhibited anti-CD3-mediated T cell activation im the presence of optimal CD28 
costimulation (14, 36). Recent studies in vivo also support the role for CTLA-4 
as a downregulatory molecule in T cell activation. Kearney et al have described 
an adoptive transfer model in which antigen-specific transgenic T cells can be 
monitored for their expansion following exposure to antigen (37, 38). In these 
studies, animals treated with either anti-CTLA-4 mAb or Fab fragments of 
the anti-CTLA-4 mAb showed augmented antigen-mediated clonal expansion. 
There was also a delay in the decay in T cell numbers over time, suggestmg 
diat the anti-CTLA-4 mAb blocked programmed cell death in vivo (38). Thus, 
during T cell activation, CTLA-4 is upregulated, and through mteractions with 
its ligands may facilitate or promote downregulation of the immune response. 
In this regard, Gribben et al have shown that ligation of CTLA-4 may mediate 
apoptosis (39). When preactivated human T cells were restimulated with anti- 
gen m the presence of an anti-CTLA-4 mAb, the proliferation was decreased, 
and the majority of T cells underwent programmed cell death. Induction of 
apoptosis in the presence of anti-CTLA-4 mAb could be blocked by cocultur- 
ing the cells with either anti-CD28 mAb or exogenous IL-2, consistent with 
recent evidence that CD28 signaling upregulates the cell survival factor bcl-XL 
(25). These results suggest that CTLA-4 may function through an association 
with an additional cell surface molecule. 



THE B7-1 (B7/CD80) AND B7-2 (B70/CD86) 
GLYCOPROTEINS 

B7-1, a B cell activation molecule first described in 1981 by Yokochi et al 

(40) , was the first ligand to be identified for CD28, and later for CTLA-4 

(41) . Iq addition to its expression on activated B cells, B7-1 was also detected 
on a variety of APCs including dendritic cells, Langerhans cells, activated 
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manocyttes, activated T cells, and a variety of tumor lines (Table 1). Both the 
human and murine B7-1 genes were cloned by Freeman et al (42, 43) and 
shown to be members of the immunoglobulin superfamUy. The functional 
importance of the B7-1 molecule has been demonstrated in a number of studies 
of T cell activation. Both anti-CD3 and PMA-induced T cell proliferation 
was augmented by the addition of B7-1 transfectants. The proliferation was 
enhanced in a CD28-dependent fashion since T cell activation was blocked by 
anti-CD28 mAbs (44, 45). Furthermore, the potent costimulatory role of B7-1 
has been demonstrated in vivo in transgenic mice in which B7-1 was ectopically 
expresse^d on the cells of the islets of Langerhans (46-48). 

Despite the apparent ability of B7- 1 to provide sufficient costimulation when 
expressed on transfectants or transgenic mice, it has been very difficult to 
demonstrate its function on normal antigen-presenting cells in mice. Anti- 
B7-1 mAbs mioimally inhibit a primary mixed lymphocyte response, while 
hCTLA4Ig inhibits the response by as much as 80% (49). Additionally, the 
staining of either LPS-activated B cells or whole spleen with hCTLA4Ig was 
not inhibited by anti-B7-l mAbs, suggesting that an additional CTLA-4 ligand 
existed (49-52). Finally, B7-1"/" mice are capable of mounting an immune 
response to nominal antigens and antigen-presenting cells isolated from these 
mice coWd be stained with labeled hCTLA4Ig (53). These observations led to 
the identification and eventual cloning of a second B7 family member, B7-2 
(54. 55). 

The human B7-2 gene was cloned by Freeman et al (55) and Azuma et al 
(54). The ovarall structure of B7-2 was found to be very similar to B7-1 
with an extracellular domain containing two Ig-like domains, a transmembrane 
domain, followed by a cytoplasmic tail (54, 55). The cytoplasmic tail contains 
three potential sites for protein kinase C phosphorylation, indicatmg a potential 
signaling role for this molecule. In fact, the B7-2 molecule is phosphorylated 
foUowii^ B cell activation (L Lanier, unpublished observations). The murine 
homolog of B7-2 has also been cloned (56, 57). These genes share only 25% 
amino acid homology with their B7-1 counterparts. However, several areas 
of homology, centered around sequences required for the formation of the Ig 
domains and potential CD28/CTLA-4 binding sites, have been reported (56). 

Similar to B7-1 transfectants, B7-2 transfectants augment T cell proliferation 
and IL-2 production to suboptimal stimulation with anti-CD3 or PMA. This 
costimulation was inhibited by either hCTLA4Ig or anti-CD28 Fab, but not by 
anti-B7-l mAbs, demonstrating therefore that B7-2 binds to both CD28 and 
CTLA-4 (54-56). While anti-B7-l mAbs have been inefficient in their ability 
to block primary allogeneic MLRs, in most cases, the anti-B7-2 mAbs inhibited 
the responses to levels similar to hCTLA4Ig (58-60). A combination of both 
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Table 1 Cellular distribution of human and mouse B7-1 and B7-2 



Stimulation 



Cell type 


Conditions 


hB7-l 


hB7-2 


mB7-l 


mB7-2 


References 


Bcell 


Resting 


none 


none 


none 


low 


(42, 49, 54, 58) 




Cultured 


_a 


t 




t 


(54, 58) 




LPS 


t 


t 


t 


t 


(49, 54, 58, 60) 






t 


t 






(43, 58, 59) 




Anti-CD40 


t 


t 


t 


t 


(54) 




IL-2 


t 


NR" 


NR 


t 


(71, 72) 




IL-4 


t 


t 


t 


t 


(71,72) 




IL-5 


NR 


NR 


NR 


t 


(58) 




EFN-y 


MR 


NR 


NR 


t 


(72) 


T cells 


Resting 


none 


none 


none 


low 


(54, 58, 63) 




Anti-CD3 


t 


t 


t 


t 


(54, 58, 1 12) 


T cell clones 












(54, 112, 114) 




Anti-CD3 


t 


t 


t 




(54, 112, 114) 


Jreripneiai oiopa 














monocytes 


Resting 


low 


high 


none 


NR 


(42, 54) 




EFN-y 


t 


t 


t 


NR 


(42, 54, 68, 73) 




GM-CSF 


t 


t 


NR 


NR 


(68) 




FcR cross-linking 




; 


NR 


NR 


(68) 


Peritoneal 














macrophages'* 


Freshly isolated 


NR 


NR 


low 


low 


(58) 




LPS 


NR 


NR 


t 


t 


(58) 




JFN-y 


NR 


NR 




t 


(58) 




IFN-y +IL-10 


NR 


NT 






(75,115) 


Peripheral blood 














dendritic cell 


Resting 


low 


high 


low 


low 


(54) 




IL-10 




4- 


NR 


NR 


f 


Splenic dendritic cells 


Freshly isolated 


NR 


NR 


low 


low 


(63) 




Cultured 


NR 


NR 


t 


t 


(49,63, 116) 




LPS 


NR 


NR 


NR 




(63) 


Langerhans cells 


Freshly isolated 


none* 


low* 


none 


low 


(63, 117) 




Cultured 


t 


t 


t 


t 


(63,117) 



°No change 
''NR= not reported 

"^The cross-linking of surface Ig with antigen or anti-Ig did not induce B7-1. B7-1 was induced when surface Ig was 

highly cross-linked by Ig-dextran. 

•"Peritonal macrophages were thioglycoUate induced. 

'These cells were stained with CTLA4Ig and therefore B7-1 and B7-2 cannot be differentiated. 

fC Buelens, F Willems, A Delvaux, G Pierard. J-P Delville, T Velu & M Goldman, personal comnrunication. 
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anti-B7-l and anti-B7-2 mAbs were the most effective at inhibiting the MLR 
(61, 62). The role for both molecules m primary responses is ftirther supported 
by the finding that a combination of anti-B7-l and anti-B7-2 antibodies can 
induce anergy (61). 

Resting B cells express no detectable B7-1 and very low levels of B7-2, 
while both B7-1 and B7-2 are upregulated following B cell activation with 
agents such as LPS, Con A, or cAMP (42, 49, 54, 58) (Table 1). However, 
dramatic differences exist in the kinetics and the signals that control B7-1 and 
B7-2 expression. The induction of B7-2 occurs within 6 h of stimulation, with 
maximal levels of expression achievedbetween 18 and24h(49, 58). In contrast, 
B7-1 expression is not detected until 24 h post stimulation and does not reach 
maximal levels until 48 to 72 h later (49, 58). Furthermore, activated B cells 
and dendritic cells expressed quantitatively higher levels of B7-2 than of B7-1, 
since hCTLA4Ig staining was almost completely inhibited by anti-B7-2 mAbs, 
while an,ti-B7-l mAbs had little effect (49, 58, 63). Differences in expression 
were observed not only on B cells, but also on T cells. Freshly isolated human 
and murine T cells express low levels of B7-2 but not of B7-1 (54, 58, 63). Both 
B7-1 and B7-2 expression were upregulated following activation with anti-CD3 
(54, 58). The regulation of B7-1 and B7-2 expression is controlled by cell-cell 
interactions and cytokines. Signals delivered through the cytoplasmic tail of 
the MHC class II molecules induced B7-1 expression on B cells (65, 66). Cells 
expressing tailless class II were profoimdly deficient in their antigen presenting 
capacity, which correlated with a lack of B7-1 induction. Treatment of these 
cells with dibutyryl-cAMP restored their ability to present antigens by inducing 
B7-1 expression. The cross-linking of surface Ig also regulated B7-1 and B7-2 
expression. B7-2 was rapidly mduced on the B cell surface following cross- 
linking with anti-Ig or antigen (58, 59). 

FoUowmg the engagement of antigen, the ability of surface Ig to rapidly 
induce functional B7-2 transforms arestmg B cell into afully competent antigen 
presenting cell (67). In contrast, BCR cross-lmkmg with either anti-Ig or 
antigen did not induce detectable levels of B7-1, although IgD-coated beads 
resulted in some increased expression of B7-1 (43, 58). Together these results 
suggest that the degree of cross-lmking determines whether or not B7-1 is 
upregulated. Interestmgly, engagement of the Fc receptor downregulates both 
B7-1 and B7-2 on monocytes that have been activated with either BFNy or GM- 
CSF (68). Thus, the engagement of distinct cell surface molecules may have 
antagonistic effects and may, in part, explain the inhibitory effect of Fc receptor 
cross-linkmg on B cell function. Finally, the CD40/CD40L pathway plays an 
important role in controlling B7-1 and B7-2 expression. Both B7-1 and B7-2 
were induced by signaling through CD40, either through anti-CD40 mAbs or 
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activated T cells that expressed the CD40 ligand (69, 70). Thus, a variety of 
cell surface glycoproteins on B cells can regulate B7-1 and B7-2 expression 
and APC function. 

An additional level of control of B7-1 and B7-2 expression results from the 
influence of cytokines. A number of cytokines have been shown to differentially 
regulate B7-1 and B7-2 expression. IL-4 is one of the most potent inducers 
of B7-2 and, to a lesser extent, B7-1 on B cells (71, 72). Incubation of small 
resting B cells with BL-4 upregulates B7-2 expression witidin 6 h with maximal 
induction occurring by 24 h (72). TFNy increases the expression of B7-2 on 
B cells, peritoneal macrophages, and peripheral blood monocytes (58, 68, 72). 
IFNy also increases the expression of B7-1 on peripheral blood monocytes but, 
surprisingly, downregulates expression of B7-1 on peritoneal macrophages (58, 
73). DL-lO blocks both B7- 1 and B7-2 upregulation on peritoneal macrophages 
and downregulates B7-2, but not B7- 1 , on human dendritic cells (74, 75; C Bue- 
lens, F Willems, A Delvaux, G Pierard, J-P Delville, T Velu & M Goldman, 
personal communication). These results suggest that the immunosuppressive 
properties of IL-10 may, in part, be a result of its regulation of CD28/CTLA-4 
ligands. Thus, die diflferences in the ability of the respective cytokines to regu- 
late the levels and temporal expression of B7-1 and B7-2 both qualitatively and 
quantitatively may result in distinct effects during an immune response. 

ROLE OF CD28/B7 IN T CELL-B CELL INTERACTIONS 

In order for B cells to enter the cell cycle, produce Ig, and undergo Ig class 
switching or somatic hypermutation, it is necessary for them to receive the 
appropriate T cell help (76). Recent work has demonstrated that both CD28/B7 
and QD40/CD40L signalmg pathways play a critical role in B cell responses. 
However, the interactions of the CD28/B7 and CD40L/CD40 pathways are 
not well understood. Early studies showed that signaling through the CD28 
receptor can increase the surface expression of CD40L (77, 78; SJ Klaus, J 
Rosser, EA Clark, p^sonal communication). Furthermore, the activation of the 
T cells by cross-linking CD28 with either antibody or with B7-1 transfectants 
enhanced the production of IgG and IgM by B cells in vitro as compared to 
anti-CD3-stimulated T cells alone (77). However, signaling through the TCR 
alone was sufficient for CD40L upregulation, and hCTLA4Ig did not block 
CD40L expression or the ability of these antigen-activated T cells to provide B 
cell help (70, 78). These results are consistent with the idea that CD28 ligation 
is not required for CIMOL induction, but, as reported, CD28 ligation stabilizes 
CD40L mRNA, allowing for more rapid translation and transport of CD40l the 
T cell surface, and therefore results in increased B cell responses (78; SJ Klaus, 
J Rosser, EA Clark, personal conoonunication). 
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The interrelationship between the CD28/B7 and CD40L/CD40 pathways 
also plays an important role in the ability of B cells to present antigen. While 
resting B cells express little if any B7-1 or B7-2, CD40 ligation induces their 
expression. B cells activated witii anti-CD40 mAbs stimulated an allogeneic 
MLR more efficiently, and this stimulation was blocked by hCTLA4Ig. Further 
investigation revealed that CX)40 cross-linking by mAbs, or the interaction of 
CD40 with its ligand CD40L, upregulated B7-1 and B7-2 (69). Incubation of 
resting B cells with activated T cells is another potent means of inducing B7-1 
and B7-2 (70). In this system, B7-1 upregulation was inhibited by either anti- 
CD40 or by anti-CD40L mAbs consistent with the notion tiiat CD40L/CD40 
regulates B7-1 expression (70). On the other hand, the CD40L antagonist 
did not completely mhibit the ability of activated T cells to upregulate B7-2 
(70). Therefore, other signals mediated by class II engagement or cytokines 
are involved in B7-2 regulation by activated T cells. 

A TEMPORAL MODEL FOR THE REGULATION OF 
CD28/B7 FAMILY MEMBERS 

Based on the studies smnmarized above, it is clear that the interactions of the 
CD28/B7 family members are highly regulated and quite complex. One model 
for the regulation of immune responses by CD28/B7 family is based on the 
kinetics of expression of the various CD28/B7 ligands and the ability of the 
B7-1, B7-2, CD28, and CTLA-4 molecules to cross-bind. First, B7-2 is rapidly 
induced on B cells through the engagement of surface Ig with antigen, cytokines 
produced by previously activated T cells, or CD40 cross-linking by activated 
T cells. Next, antigen-specific naive or activated CD28+ T cells can interact 
with the B7-2"'" B cells expressing a complete MHC/antigen complex. The 
simultaneous engagement of the TCR and the CD28 molecules results in the 
activation of the T cell and prevents the induction of anergy. Signals generated 
through* the T cell recqptor induce the expression of CD40L on naive cells, 
which is further stabilized by CD28 signals. The upregulation of CD40L then 
allows the T cell to provide the necessary B cell help for the production of 
antibodies. Concurrently, APCs upregulate B7-1 levels, via signaling through 
MHC class II, CD40, and perhaps lymphokines secreted by the activated T cells. 

One to three days after this cellular interaction occurs, CTLA-4 is upregu- 
lated on T cells. Several interactions are possible at this tune since the B cells 
express both B7-1 and B7-2, while the T cells express both CD28 and CTLA- 
4. Since CTLA-4 has a higher affinity for B7-1 and B7-2 than does CD28, 
these costimulatory ligands may preferentially interact with CTLA-4 on the ac- 
tivated T cells to downregulate the immune response either by directiy inducing 
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apoptosip or by competing with 0028 for its ligands and preventing the upreg- 
ulation of protective factors such as bcl-XL- Thus, under normal circumstances, 
the CD28/B7 system will serve to both upregulate and downregulate immune re- 
sponses. Any disturbance in the CD28/B7 system may disregulate the immune 
response and affect the development and progression of the immime response. 

IN VIVO REGULATION OF IMMUNE RESPONSE BY 
MANIPULATION OF THE CD28/B7 PATHWAY 

ActivaUon of Immune Responses 

Both B7-1 and B7-2 costimulate T cells through their interaction with CD28. 
The expression of one of these ligands on a cell that lacks costunulatory 
molecules could convert a nonfunctional ATC into a functional one. This 
may have important implications m upregulation of unmune responses. In fact, 
CD28/B7-mediated costunulation has provided a new approach to cancer ther- 
apy, because the inability of some tumors to induce immune responses has, 
in some cases, been correlated with a deficiency in providing costimulatory 
signals. The introduction of B7-1 or B7-2 into tumor cells in several models 
enhances the anti-tumor response (79-86). In fact, in some studies, the im- 
munization of mice with the B7-l-expressing tumor protected the animal from 
further challenge with nontransfected parental tumors (80-86). However, the 
transfection of B7- 1 into tumor cells has not been unifomily successful in induc- 
ing tumor immunity. In one instance, a potent irmnune response was induced 
and the B7-1 transfected tumors were rejected, but these same tumors could 
not protect from furflier challenge with the parental tumor (79). Furthermore, 
the lack of an anti-tumor response did not always depend on a deficient costim- 
ulatory response. Several relatively nonimmunogenic tumors did not induce 
an immune response, even when cotransfected with both B7-1 and B7-2 (83, 
85, 87).t These results suggest that certain tumors may be lacking additional 
cell surface molecules needed for complete T cell activation. These additional 
factors may uiclude the tumor antigen itself, MHC molecules, or other cell sur- 
face costimulators. In support of this possibility, cotransfection of one of the 
nonimmunogenic tumors with both B7-1 and ICAM-1 resulted in its immune 
recognition and rejection (86). 

Studies have begun to compare the relative costimulatory activity of B7-1 
and B7-2. The majority of studies in vitro and some tumor studies in vivo 
(87) suggested that B7-2 was as effective a costimulatory molecule as B7-1, 
recent experiments in which either B7-1 or B7-2 were transfected into tu- 
mors have suggested that B7-1 is a more potent costimulator m some tumor 
models (CJ Bartels, JC Yang, personal communication; T Gajewski, personal 
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communication). In another study, in which the animals were immmiized with 
irradiated tumor cells, only the B7-l-transfected tumors were able to generate 
tumor-specific CTLs and subsequently to protect against tumor challenge (T 
Gajewski, personal communication). Interestingly, in both models, the com- 
bined expression of B7-1 and B7-2 on the tumor cells was less effective in 
stimulating an anti-tumor response than was expression of B7-1 alone. This 
mayreflectacompetitionbetweenB7-l and B7-2 for binding to CD28. Alterna- 
tively, the addition of B7-2 to the transfectant may hyperstimulate the ummune 
response to shut down T cells either drectly, perhaps through its interaction 
with CTLA-4, or by increasing the potency of the T cell signals to promote Th2 
responses that inhibit tumor immunity (see below). 

Suppression of Immune Responses 

In vitro studies have demonstrated that the CD28/B7 pathway is critical in T 
cell activation. The intraruption of this pathway leads to an inhibition of T cell 
proliferation and, under some circumstances, induces either antigen-specific 
hyporesponsiveness or anergy (88, 89). Therefore, targeting this pathway in 
vivo may represent a novel method of hnmunosuppression in which only the 
antigen-specific T cells would be tolerized. To examine this possibility, several 
investigators have utilized hCTLA4Ig to interrupt the CD28 signaling pathway 
in several models including transplantation, autoimmune disease, antibody re- 
sponses, and parasite challenge. 

TRANSPLANTATION The importance of CD28/B7 interactions in vivo was first 
established in the transplant setting. CTLA4Ig treatment effectively prolonged 
graft survival and, in many cases, mduced donor-specific tolerance. As an 
example, in a xenogeneic islet transplant model, diabetic mice transplanted 
witii hupaan islets and treated with CTLA4Ig exhibited long-term survival of 
the xenogeneic islets (90). Furthermore, this short treatment induced donor- 
specific tolerance. hCTLA4Ig-treated mice that were retransplanted with either 
donor or third party islets rejected only the third party islets. Human CTLA4Ig 
prolonged graft survival in both allogeneic rat cardiac and murine islet trans- 
plant models, but eventually all of the grafts were rejected (62, 91). Human 
CTLA4Ig treatment also reduced the lethality of allogeneic graft- vs-host dis- 
ease (GVHD) across an MHC barrier but did not alleviate all of the symptoms 
of GVHD (92, 93). These results suggest that allogeneic transplantation may be 
more difficult to manipulate than the xenogeneic systems. However, recent ef- 
forts to augment the effectiveness of hCTLA4Ig have been successful. Pearson 
et al found that hCTLA4Ig treatment could induce donor-specific tolerance in 
a rat cardiac allograft model in certain strain combinations (94). Li the studies 
performed by Turka and colleagues, changes in the dose regimen or the addition 
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of donor-specific transfusions led to donor-specific tolerance (95, 96). Finally, 
the addition of other immunosuppressive drugs maximizes the hCTLA4Ig- 
mediated suppression. The blockade of CD28/B7 and LFA-l/ICAM-1 inter- 
actions was more effective than hCTLA4Ig alone at preventing GVH disease- 
induced lethality (BR Blazar, PA Taylor, A Panoskaltsis-Mortari, GS Gray, DA 
Vallera, persoiwl communication). Treatment of mice with hCTLA4Ig and 
suboptimal doses of cyclosporin A (CsA) at the tune of transplant resulted 
in graft survival beyond that of hCTLA4Ig alone and in some cases resulted 
in indefinite graft survival (97; Y Zeng, JA Bluestone, unpublished observa- 
tions). The ability of hCTLA4Ig and CsA more effectively to block transplant 
rejection has important clinical implications because current transplant ther- 
apies utilize CsA. All in all, these studies demonstrated die effectiveness of 
interrupting the CD28/B7 signaling pathway in promoting transplant tolerance. 
These studies also suggest that the timing of the treatment or the strength 
of TCR' signal may be important in determining the efficacy of hCTLA4Ig 
immunosuppression. 

HUMORAL RESPONSES One immune response that has been profoundly inhib- 
ited by hCTL A4Ig therapy is the humoral immune response. Primary antibody 
responses to soluble proteins such as KLH or cell-bound antigens sudi as sheep 
red blood cells were inhibited by hCTLA4Ig in a dose-dependent fashion (98). 
Treatment with hCTLA4Ig could be delayed as long as 3 days following anti- 
gen priming and still suppress in vivo antibody production. Human CTLA4Ig 
thereby during the primary response also reduced secondary and tertiary re- 
sponses to the nominal antigen. The amount of reduction correlated with the 
concentratipn of hCTLA4Ig used in the initial treatment, suggesting tihat the 
immunosuppression lasted only for the duration of circulating serum levels 
(98). However, anti-B7-2 mAb treatment not only blocked antibody produc- 
tion to antigenic challenge but also suppressed somatic hypermutation and had 
long-term effects on B cell memory responses (99). Therefore, the use of the 
more potent CD28 antagonists may be the most promising treatment in vivo. 

Further evidence that CD28/B7 signaling plays an important role in antibody 
responses has come from the exarunation of CD28~/" mice. Antibody pro- 
duction in these mice was severely impahred. Basal immunoglobulin levels are 
only 20% of that observed in normal mice. Furthermore, the relative propor- 
tions of the different IgG subclasses were altered. The serum of these animals 
contams dramatically decreased levels of IgGl and IgG2b, while the levels of 
IgG2a were increased as compared to normal mice. B cell responsiveness in the 
CD28~''~ mice appeared to be intact since normal levels of anti-VSV Abs of tiie 
IgM class (a T-independent response) were produced in response to a primary 
challenge (3 1). However, the T cell help necessary for antibody class switching 
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following a second challenge was not intact in these mice. Transgenic mice 
expressing soluble murine CTLA4Ig displayed a phenotype very similar to that 
of 0028"/" mice. T-independent antibody responses were intact, but immune 
responses to T-dependent antigens were severely impaired (32, 33). Primary 
responses to DNP-KLH were eliminated. Only after two and three stimulations 
couldreduced levels of antibodies be detected, and these were of the IgM, not the 
IgG isotype. This deficiency in T cell help was also evident by a lack of germinal 
center formation, isotype switching, and somatic hypermutation (32, 33) simi- 
lar to what had been observed in the anti-B7-2-treated animals (99). Therefore, 
blockade of die CD28/B7 mteractions, eidier from die CD28 side or the B7 side, 
results in a profound defect in the ability of B cells to respond to antigen in vivo. 

AUTOlMMinsiE DISEASES CTLA4Ig flierapy has also had significant effects on 
the clinical course of several autoimmune diseases. We have shown that block- 
ade of the C3D28/B7 pathway has profound effects on the development of di- 
abetes in the NOD mouse model. In these studies, hCTLA4Ig treatment of 
young NOD mice inhibited the onset of diabetes that occurred 6 to 18 weeks 
after treatment was stopped and the protein had been cleared from the serum 
(100). In arelapsing model of experimental autounmune encephalomyelitis (R- 
EAE), hCTLA4Ig treatment during antigen pruning blocked the development 
of clinical disease (101). This was also true in a T cell adoptive transfer model 
of R-EAE (102). In the murine model for systemic lupus erythematosus (SLE), 
NZB/NZW Fi mice (BAV) spontaneously develop a lupus-like autoimmune dis- 
ease characterized by the production of autoantibodies to self-molecules such 
as dsDNA (103). The treatment of these mice with murine CTLA4Ig prior to 
the detection of autoantibodies significantly mhibited autoantibody production 
and disease progression, even after cessation of treatment (104). Thus, block- 
ade of CD28/B7 signaling can control early events involved in the induction of 
several different autoimmime diseases. However, most autoimmune diseases 
are diagnosed after initial responses to the autoantigen(s). Therefore, it was 
important to examine the effectiveness of these therapies on established disease. 
Treatment of the lupus-prone mice with murine CTLA4Ig during die late stages 
of the disease effectively intervened in disease progression and prevented the 
production of further autoantibodies (103). In addition, NOD mice treated with 
hCTLA4Ig after the onset of insulitis also had a reduced incidence of diabetes 
(100). Finally, relapses of clinical disease in R-EAE were inhibited by F(ab) 
fragments of anti-B7-l mAbs when treatment was kdtiated after the resolu- 
tion of the acute phase of disease (SD Miller, CL Vanderlugt, DJ Lenschow, 
MC Dal Canto, JA Bluestone, impublished observations). Together, these data 
demonstrate an important role for CD28/B7 signaling in both the initiation and 
propagation of several autounmune diseases. 
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DIFFERENTIAL EFFECTS OF B7-1 AND B7-2 LIGATION 

It is becoming increasing clear that the B7-1 and B7-2 molecules may differ- 
entially control the ioimune response as a consequence of one or more of the 
distinctive properties of these costimulatory ligands. For instance, the expres- 
sion of B7-1 and B7-2 varies on B cells, T cells, macrophages, and dendritic 
cells depending on the activation state of the cells (Table 1). An additional level 
of complexity involves the ability of cytokines to either induce or suppress the 
expression of these costunulatory ligands. Therefore, either B7-1 or B7-2 may 
dominate during different stages of the immune response. Furthermore, there 
are increasing data to suggest that fliese two molecules do not biud the CD28 and 
CTLA-4 molecules similarly (105). Both B7-1 and B7-2 bind to hC'ELA4Ig 
wifli a 20-100-fold higher avidity than they do to CD28Ig. In addition, Linsley 
and colleagues showed that B7-1 has a slightly higher avidity for GD28 and 
CTLA-4 than does B7-2. More significantly, B7-2 dissociates more rapidly 
from hCTLA4Ig than does B7-1, and hCTLA4Ig was less effective at inhibit- 
ing B7-2-dependent responses (105). Fmally, the fine specificity of the B7-1 
and B7-2 interaction with hCTLA4Ig is different. Previous studies have shown 
that the jregion of CTLA-4 and CD28 that is the site of interaction with both 
B7-1 and B7-2 is a transmembrane proximal hexapeptide, MYPPPY, found 
in the region of greatest sequence homology between CD28 and CTLA-4. A 
hCTLA4Ig construct containing a smgle amino acid mutation in the MYPPPY 
motif showed reduced but still significant binding to B7-1. However, bindmg 
to B7-2 was completely abolished. Thus, amino acids within the CDRl and 
CDR3 regions of the CTLA-4 molecule are responsible for the enhanced avidity 
of CTLA-4 for B7-1 (106). However, the precise interaction sites for B7-1 and 
B7-2 with CD28 and CTLA-4 may be distinct (105). 

Recent studies, in vitro and in vivo, suggest that these differences may di- 
rectly effect CD28-mediated costimulation. Kuchroo et al demonstrated that 
T cells from a myelin basic protein-specific TCR transgenic mouse secreted 
predominantly IFN-y when cultured in the presence of anti-B7-2 mAbs, while 
cultures carried out in the presence of anti-B7-l mAbs led to increased IL-4 
secretion (107). Studies by Freeman et al also support an important role for 
B7-2 in the signaling of IL-4 production (108). While transfectants of B7-1 or 
B7-2 induced similar levels of IL-2 and IFN-y, only B7-2 transfectants were 
able to induce IL-4. Continuous restimulation by the B7-2 transfectants re- 
sulted in the induction of greater amounts of IL-4 (108). Together, these results 
suggest that B7-1 and B7-2 may directly control Thl vs Th2 development, re- 
spectively. In vivo studies also suggest that the B7-1 and B7-2 costimulatory 
ligands play distinct roles during the initiation and propagation of an immune 
response. Kuchroo and colleagues foimd that treatment with anti-B7-l mAbs 
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during R-EAE induction protected mice from disease, while anti-B7-2 mAbs 
exacerbated disease severity (107). In this model, the investigators correlated 
the presence of a Th2 response with the protective therapy and suggested that 
the anti-B7-2 mAb therapy skewed the T cell response toward a Thl pheno- 
type. However, a number of other studies in vitro and in vivo have shown 
that B7-1 and B7-2 regulate both Thl- and Th2-mediated responses. First, 
two studies have shown that both B7-1 and B7-2 transfectants can provide cos- 
timulatory signals for both Thl and Th2 lymphokine production (109, 110). 
Second, the primary immune response appears to be most dependent on B7-2 
smce B7- 1 mice have relatively normal Thl- and Th2-dependent responses, 
while Bl-2~'~ mice are severely compromised (A Sharpe, personal communi- 
cation). Furthormore, in an allogeneic islet transplant model, anti-B7-2 but not 
anti-B7-l mAbs prevented graft rejection. The combination of the two mAbs 
was most effective in prolonging allograft survival (62). Since graft rejection 
has been suggested to be Thl -mediated, B7-1 rather than B7-2 would have been 
expected to be dominant in this settmg. Furthermore, the treatment of mice with 
anti-B7-2 mAbs during priming in vivo with antigen (a Th2-dependent immune 
response) inhibited the development of antibody responses (52, 99). Anti-B7-2 
mAb treatment was also able to block disease progression m the NOD model 
for autoimmvtne diabetes (100). Thus, it appeared as if B7-2 played a dominant 
role as the costimulatory ligand for CD28 in transplantation, humoral responses, 
and initiation of autounmxme disease. 

More recent studies have shown that B7-1 can regulate immune responses, 
especially foUowmg initial antigen exposure. Tteatment of NOD mice with 
and-B7-l mAbs accelerated the disease course and exacerbated the inflamma- 
tory response in female mice treated at 2 to 4 weeks of age (100). Furthermore, 
anti-B7il treatment of normally resistant male mice developed disease at a rate 
and frequency sunilar to that observed in untreated female NOD mice (100). A 
similar exacerbation of disease was observed with anti-B7-l mAbs in a murine 
R-EAE model (SD Miller, CL Vanderlugt, DJ Lenschow, MC Dal Canto, & 
JA Bluestone, unpublished observations). Treatment initiated after resolution 
of the acute phase of disease resulted in an increased rate of onset, frequency, 
and severity of the relapses. However, treatment with non-cross-liiJdng F(ab) 
fragments of the anti-B7-l mAbs inmiediately after the resolution of the acute 
phase of disease blocked both clmical relapses and epitope spreadmg inR-EAE. 
Two points can be made from these studies. Fhst, the exacerbation caused by 
the intact anti-B7-l mAb may be due to its direct signaling of eitiier the APCs 
or activated T cells. This possibility has important implications for all the in 
vivo studies that utilize antibody therapy. Second, there appear to be distinct 
differences on the outcome of the mAb therapy dependmg on the temporal 
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administration of the antibodies. The B7-2 molecule spears to play a criti- 
cal role prior to antigen exposure (transplant setting and humoral responses), 
whereas B7-1 plays an important role in the control of the immune response 
after antigen exposure. One explanation for these differences may be our recent 
observation that B7-1 expression is preferentially upregulated during the acute 
phase of, an autoimmune response (SD Miller, CL Vanderlugt, DJ Lenschow, 
MC Dal Canto, & JA Bluestone, unpublished observations). In fact, many of 
the in vivo effects of the CD28 antagonists can be explained by the timmg of 
antibody therapy. The treatcoent of BALB/c mice witih hCTLA4Ig during in- 
fection with I. major protected the normally susceptible stram from disease, by 
decreasing the production of IL-4, while the mice were no longer protected from 
disease by hCTLA4Ig if treatment was delayed by more than one week post- 
infection (34). The efficiency of hCTLA4Ig blockade of antibody responses 
was also decreased as treatment was delayed (98). Finally, m an allogeneic 
cardiac transplant model, delaying treatment with hCTLA4Ig by 2 to 3 days 
post-tradsplant resulted in long-term survival characterized by an inhibition of 
Thl but not Th2 cytokines (96). Thus, a variety of factors, including the nature 
of the APC expressing the B7 molecules, the affinity of the B7 molecules for 
CD28 or CTLA-4, and the level of B7-1 and B7-2 expression, may determine 
the relative roles played by each ligand during an immune response. Further- 
more, the timing of treatment with CD28 antagonists can influence the Thl and 
Th2 subset development. 

STRENGTH OF SIGNAL MODEL 

Based oh all of these observations, we propose a model of costimulation that 
integrates many of the observations related to TCR ligation, CD28 costimu- 
lation, and Thl/Th2 biology (Figure 1). The "strength-of-signal" hypothesis 
suggests that the intensity of T cell signaling not only determines the potential 
to initiate a response but can dramatically affect the balance of Thl/Th2 subsets. 
We speculate that CD28 costimulation can have distinct effects on the immune 
response depending on antigen dose, APC function, cytokine milieu, and level 
of costimulation. Unda* conditions of low antigen density, CD28 ligation is 
essential since anti-B7 mAbs and hCTLA4Ig therapy or genetic disruption of 
the CD28 molecule results in a diminished ability to generate a productive pri- 
mary T cell response and severely suppresses T-dependent humoral responses. 
Under these, perhaps physiological, conditions, stimulation of primary T cell 
responses is largely dependent on B7-2-mediated costimulation. At early time 
points in the immune response, B7-2 is expressed constitutively on dendritic 
cells and functions to regulate both Thl and Th2 responses. As the immune 
response progresses, both B7- 1 and B7-2 are upregulated, resulting in increased 
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Mgun 1 ,The strength-of-signal model. 

costimulatory signals and an inoBased strength-of-signal that promotes T cell 
expansion and cytokine production and may skew the T cell response toward 
the Th2 phenotype. Thus, any reagent or situation that reduces costimulation 
during this response reduces the strength-of-signal, promotmg Thl responses. 
For example, the treatment of BALB/c mice with hCTLA4Ig during infection 
with L. major protected the normally susceptible strain from disease by de- 
creasing the amount of IL-4 being produced (34). Blockade of CD28 signaling 
also inhibited the production of an IL-4 response to H. poly gyrus and decreased 
humoral responses (35, 52, 98, 99). Finally, the effect of anti-B7-2 mAbs ob- 
served by Kuchroo et al may reflect the blockade of initial costimulation during 
the induction of R-EAE, thus skewing the response to the disease promotmg 
Thl phenotype (107). 

Finally, high levels of costimulation coupled with high TCR occii^pancy may, 
in fact, downregulate immime responses. This effect may occur due to the exten- 
sive signaling via die TCR and CD28, as has been suggested as an explanation 
for "high zone tolerance" or "clonal exhaustion." Alternatively, hyperstimula- 
tion may substantially upregulate CTLA-4 on the activated T cells. Since the 
ligation of CTLA-4 inhibits immune responses, the interactions of Cni,A-4 
with either B7-1 or B7-2 may further amplify the suppression observed under 
these conditions. In this regard, in some tumor models the expression of both 
B7- 1 and B7-2 on a tumor is less effective at inducing an immune response than 
is a tumor on which is expressed one or the other (T Gajewski, personal com- 
munication; CJ Bartels, & JC Yang, personal communication). Furthermore, 
transgenic mice expressing high levels of B7-1 on their B cells are profoundly 
deficient in their ability to receive T cell help for antibody production (111). 
Therefore, the careful manipulation of the CD28/B7 signaling pathway may 
dramatically impact the course of an immime response. 
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CONCLUSION 

The studies summarized in this review demonstrate the importance of the 
CD28/B7 signaling pathway and also begin to illustrate its complexities. First, 
CD28 functions by costunulating T cells and preventing the mduction of either 
anergy or apoptosis. Second, a CD2S homologue, CTLA-4, counterbalances 
CD28 by downregulating the immune response either by competing with CD28 
for its ligands or by inducing apoptosis. TTiird, two distinct molecules B7-1 and 
B7-2 function as.costimulatory ligands for CD28 and CTLA-4. While B7-2 
dominates in primary responses, the roles of B7-1 and B7-2 during an ongoing 
response depend upon: the relative expression of CD28/CTLA-4; the nature and 
concentration of cytokines in the surrounding milieu; and the characteristics of 
the APC that are encountered. Finally, manipulation of the CD28/B7 pathway 
can alter the balance of the immune response by influencing the nature of the 
cytokines produced in response to antigen exposure. A better understanding of 
the consequences of regulation of the CD28/B7 costimulatory interactions will 
o£fer new insights into important elements controlling the immune response 
and allow for the development of novel immunotherapies for cancer, transplan- 
tation, and autoiiimiune disease. 
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B7 to CD28 Cosdmnlatet T Cell ProBfention and 

Interlenldn 2 mRNA Accumulation 
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A succesiful immune letpomeieqiiiieiiiitei^ \M: 
leeendy showed tb*t CD28, a T odi sutCiee pioteio that legalates an activation tntkwajr, could 
mediate inteicdlular adhesion tmdi activated B ceBt hf intetactios with the B7 antigen. Hew 
we show that CD28 is the primaiy receptor £» B7 on activated peripheral blood T cells, that 
CD28 binds to B7 in dw absence of otter accessory moleailes, and that interaction between 
CD28 and B7 is costimulateiy fiw T cell activation. To cfaatacteiize the binding of CD28 to 
B7, we have piodiioed genetic fusions of the ettnceOular portiotts of B7 and CD28, and 
inmnuogiabnb (Ig) GYl cfaalM. »I-]abeled B7 Ig bo^ 

ovary (CHO) cdls. and to immolriliMd €3328 Ig with a JCi '>'200 nM. B7 Ig also inhibited 
CI>28-me&ied odhdar adhesion. The function of CD28-B7 interactions dn^ 
was investigated widt soluble fiinon proteins and with B7-trans6cted CHO cdls. ImmobiliMd 
B7 Ig and B7'' CHO oeib costimuhted T cell proliferation. Stimulation of T cdDs with 37'^ 
CHO cdb also specifically increased levds of interleukin 2 transoiptL These results demonsti^ 
that the CD2S signding pathway could be activated fay B7, resulting in increased T «n <7tol^ 
ptoduetioDandToellFidifaation. CeUnlarioteiactioro mediated IqrB? and GD28mi9rtepiesent 
an important component of the functional iniOMitiam between T and B lyi^hoid oelk 



It has long bem known that interactions between T and 
B lymphocytes pl^ a central lole in regulating an immune 
response (1, 2). More recent studies have shown that activa* 
tion and dififecentiation of both Tn and B lymphocytes is de- 
pendent upon direct intercdlutar (equate) interactions be- 
tween these cell types. While the ^edBdtyof T.cell-Bcdl 
interactions is detemined fay interaction between the TCR/ 
CD3 complex (3-5> and antigen associated vnthdass 11 MHC 
molecules on B ceUs (6). intenctious between other (acces- 
sory) cell adhesion molecules are also necessary for a fuU im- 
mune response (7-9), Interactions between accessory leoqiton 
and their counter-teceptoii m^ increase the avidity of cd- 
lular interactions (7); control lymphoiyte localization and 
migration (10); and have direct signalh^ functions (7, 11, 
12) durii^ lyjuplioeyte activation. Asoestoiy lecepton and 
their counter-receptors invohwd in Tr-B odl interactions in- 
clude (reviewed in refinenee 7): CI^ and LFA-S, CD4 and 
class II MHC molecules, LFArl, and ICAM-1 and ICAM-2. 

The T cdl hpmodimer; C028, a member of the Ig super- 
£unily (13), hu been shown in studies mAbs to have 
an aODESSccy function during T cell activation (14). Anti<D28 
mAbs have been shown to cottimulate T eiril ptolifoation 



induced Iqr a number of potydond stimuli (reviewed in nf- 
eteaoe 1^ These mAbs tiso bhibited dioantigcn and sdubk 
antuen-md&Todl iconises (15, M},m&iaigtb^ 
meiSated signalling may be crudd during thoe responses. 
CD28-mediated T odl activation, unlike diat initiated via 
TCR, was resistant to inhibition b)r the immunosiqppiessive 
agent, cjrdospMine (17). Some of the eflects of anti-CD28 
mAbt appear to result, in part, 6om the cooidinate stinuilap 
tidn of severd T cdl-derived cytokines (18) through stdiili- 
zation of thdr mRNAi (19). 

recently reported that Chinese hamster ovary (CHO)* 
cells transfected with CD28 mediated ipedfic adhenon with 
certain activated normd and malignant B cdls (20). CD28- 
me&tedadhedon wasblodKdfay the mAb 6B-1 (21), whidi 
recogniaea the B odl activation antigen, termed B7, another 
fflcmber of dw Ig snperfiunily (22). COS cdls transiected 
with a d}NA done encoding B7 adhered specifically to 
CD2B-' CHO cdls, therdiy indicating that the B7 antigen 
is a counter-receptor (or CD28. 
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The recogniticm of CD28 bjr B7 is a nowd mcchaiuiin to 
regulate intetaction of T and B Ijnnhogrtes. In thu p^«v 
we have further chairactenssed bioraenucsl and fiuGtional 
aspects of the in^teraction between these mdecuki. Bision 
proteins of B7 and CD28 with human Ig C7I diains 
were expressed and used to measure the spedfidty and 
parent affinity of their interaction. We have also used purified 
BTIg (uaon proton, as well as CHO cdk ttantfected -with 
" »ofthiiintetac- 



po investigate the nsnctionai importance 
on T ceU activation and cgrtokine pcod 



amet ptimer); and Taj polymerase (Stratagene). Reactioas wne 
nin on a thennMTckr (Rddn Eliner Corp., Norwslk, CT) (at 
16-30 qdes {a typical ^de CMisiated of steps of 1 min at 94*C, 
' m at WC and 3 min at 72<>g. 

■ tgamlFACSjiaalyA Tntufected CHO edls 01 
le ana^aed by isdinct ifflmunostainii^ Be- 




Ea^zcssion plasmids cootaiiuiig cDNAs 
(U), CDS (23). and B7 (22) have been described 
xpRssion of lotuUe fanm of 
le(OMCD28andOMB7)in 
I upstream of the tnasmem- 
biaoe domiiu and die native signal peptides wne teplaeed with 
the ugnal peptide horn oneostaiin M (24). These were made uiing 
synthetic ofigonneleotidei for leconstruetioii (OMCD28) or at 
primers Sot PGR (OMB7). CD28 Ig and B7 Ig fbsioB consttacts 
ncR made in two ptrts. Hk 5' pottioni wen made usiitt OMCI^ 
and OMB7 as tempbies and die oUgosui^lidek CXU3CCACT- 
GAAQCTTCAOCXIGGGnrGmCrQCIC/ICACi (eonevonding 
tothconcoitattnMiignalp ep t i d ri aaafeawsadprimeii andaidiet 

at. TTTCGGCTCCTGATCAGGAAAAIXXnCTItKrrTGGT- 
TGT as tewcse prineia, leqieetively. Products cS the PGR leae- 
tiow wm dcind widi tettiielion endonudeases (»ndIII and Bell) 
at sites tntnsducad in the PGR prinecs and gd purified. 

fgCYlsMpMnBeswasmadet^ai . 
Avian ngnuoblastMisi^ttts; Life'Sdneea Iii&«St> R 
?CR leaction using RNA from a aiyvlaina cdl line pi 
human-mouse diimenc mAb U (P. M and IM. 
lished lesults) as temj^te. The oligooudeotide. AAGCAAQA- 
GC Airria:ita iCT^A<«;ACXXCAAAICITCroACAAAAC- 
CX^ACCGTCCCCAGCACCTGAACrc 
mrd primer; and Cl'lCGACCAGTCHA 
XGACCGCGAGAGC IS nmne primer. 
tiQD products were delved with Bdl and Xbal and gd pwified. 

firqpnenu eootainiiig CD28 or B7 seqoenm together with 
Bdl/Xbal deaved fia^nent conlainii^ Ig C^l sequencei into Knd- 
in/Xbel deaved CDM8. ligation pradocts \iere transibnned into 
MC1061/p3 edis and colonies weie soeened fat the imicoptiate 
plasnuds. Sequences of the resulting constmcU were ctrnfimied by 
DNA sequencing ( seeR g. 1). CDSIg wa sconstro cted in identical 
fashion, unng ClCTTGCACAGTCAAGCTTCCAIXXXXAKr- 
GGTTCTCTXXXX :ACCTT G.as&)rwatd pritnera adAICCAC- 
AGTGCAQTGAIC^ 1 luGAnxrrGGCAlKilUAC as reverse 
primec The PCR product was lesttictioa endonuckase digested 
and ligated with the Ig C7I fragment as described abmt. The 
resulting construct (CDS Ig) encodes a matme ptotdn comprising 
residues 1-347 of CDS, two amino adds introduced by the con- 
struction psoceduie (amino adds IXJ), fbtbwed by the Ig C7I 
hinge tegion as shown in Kg; 1. 

FCR reactions (0.1 ml final vdunw) nut in lof polymense 
buffer (Stratagene, Ibncy Pines, OA), contsining 20 fuael each 
dNTP.SO-lOOpmdof die indicate d prim er s; ten^ilate(liyplawiid 
— A synthesiaed from <1 fig total RNA ttdngiandomhea- 



J 10 mM EDIA. Cells were fint 
1 9.3 (25) or BB-1 (21), or with Ig 
fiisioD pnteini (dl at 10 Mg/ml in DMEM containing 10% PCS) 
for 1-2 h at 4'>C. Cdls wen then washed, and incubated ibr an 
■dditioml 0,$-2 h at 4*C with a FnC-eonjugated second step re- 
agent ^oat anti-niouse Ig serum fi» murine mAbs, 01 goat 
anti-human Ig Cy senim tor fission protens; Dua^ iac, Buritn- 
game, OA). Iluoreseenee was anafyzed on a RACS IV*€dl sorter 
(BecKw Diddnson and Co., Mountain View, CA) equipped widi 



CtS Culbin ani Ttan^liom. 
CD28. CDS, or B7 wen isolatec 
!iydrofi>late nductase-defident Chinese hamster m«y (dhfr- 
CHO) cells with a mixtuie of the appropriate expiession plasmid 
and the selectable marbei; pSV2dhfr (20). Ihoi&etants vcre then 
grown in inenasiog concentrations of mediotnitate to a find levd 
of 1 iM. Lines oqnessing high hmb of CD28 (CD2B^ CHO) 
or B7 (B7* OMO) wne isolated 1^ midgple rounds of fiuar> 

widi mAhs 9.3 or BB-1. Amplified CHO calls negative fisr surfrce 
tKgtmmu tS CD28 or B7 <dhfr'* CHO) weie also isobled by 



1 of dw pntoool of Seed and AniSb (2 , 
" 0 em aameier eultme dish 18-24 h befim 

lDNAwiiadded(~15|ig/dish)ina»dume 

of 5 mis of lerum-free DMBM oontaudng Oi mM deioquine and 
600 jig/ml DBAS Dectian. and cdb wen incubated for 3-3.5 h 
at 37*C. "BansfiKted cdls wen then briefly treated ('«<2 min) widi 
10% dimediyl solfezide in PBS and incubated at 37»C for 16-24 fa 
in DMEM containing 10% PCS. At '^'24 h alter ttansfection, cul- 
tiue medium was ranoved and replaced with senim-free DMEM 
(6 ml/dish). Incnbatioa was continued for 3 d at 37°C at which 
medium was coHected and fresh lenun-fiee medium 
It 37°C the spent medium 



Pw^aMan cf Ig Pmlon Pmeiiu. The first and second collec- 
tions of spent setnro-free cuhwe media from tnns&cted COS cells 
were used as source for tlie purification of Ig fitsioo proteins. Aiter 
removal of ceBular dd»is by low speed centrifbgation, medium 
was applied to a oohimn ('"200-400 ml medinnu'ml padced bed 
volnme) of immobiUced protein A (R^ligen Corp., Cambridge, 
MA) equilibrated widi 0.05 M sodium dtcate, pH 8.0. After ap- 
plication of the medium, die column was washed with 1 M potas- 
sium phosphate, pH 8, and bound protein ivas duted widi 0.05 M 
lodmm dtnte, pH 3. Factions wen collected and immediatdy 
neutnlised by addition of 1/10 vidume of 2 M IHi. pH 8. Fiac- 
tiou eimtaiidiig the peak of Am absorbing materid woe pooled 
and dialyxed ^pinst PBS befine use. Extinction coefficients <^2.4 
and 2.8 mi/mg ibr CD28 Ig and B7 n^ecrivdy, by ai 
add andyds alsdntiaBS of known ah 
purified CD28 Ig and B7 Ig bindiiue a< 
tita^ as judged by MCS* analysis altec j 
ofB7* andCD28* CHO cdls. 




X ]0'dbA»dliiiawliiiiie«(02iiiI)taMlNac«iiiiiiiB«l^ 
FC& CdfailirpiDlifaMloBof oadnuilkiteciiltiim mo^ 

PHA CgWkgmib CMotte, NQw S d, 1 d in nwiimi 
lacknttPHA* IBiMe cdh wmb co u Bcft B d ty ir d imw itition tlukrtigh 
Lyinpoogrtc StjMtttion M c G i nn befim w* 

H,0>(27).Noiiiotticdet 
psxed and nibjcctod tot is 



•Klacribed 



chioh Oncogen). 



CoiHfmcrim ««} ExpresshH ofBland CD28 Immmogloh- 
uUu Cy Fuiiim Pnteiiit. In initial attempts to make sdubte 
lierimtive of B7 and CD28, we made cDNA constructs en- 
coding mokoiks ttnacated at the NHrtenninal side of their 
ttansmembiane domains. In both cases, the native signal pq>- 



Salkned ^^"iS of KI and 1 mg ( 



Ai&fakIfiij«fB7^ PnrifiedB7Ig(2Sfig)ii>«voluineaf 
0.25 ml of 0.12 M so(fiwn pbost^iate, pH wu iodtnated using 
2 mO *>I and 10 fig of <^>loi«mine T. Afier 5 min at 23'>C. the 
teaedoo v«i stopped Iqr the addition of 20 iig sodium meialnmlliiek 
" " irf IBA|^toto«tedj^tein was 

if Sepbadex G-tO eqoilibtatek wiX^'^taining 10% PCS. 
'ttk bactkmi were collected and pooSed. The ipedfic activity of 
■>^-B7 Ig libeled in this BsUon was 1.5 x lO' qpm/pmol (2.8 
X 10' ^Mg)- 

B7 Ig was dm meldioM)' l*bded with [^Jniethiomne. C(3S 
ceDs w«ie ttansfected with a piatmid encoding B7 Ig as detcitbed 
above. At 24 h after ttansfeetioo, psjnethieaine (>«I0 a^unol: 
Amettham Corp., Arlington Hdgbts, VL) was added to conoen- 
Di of US (iCi/mi) in DMBM containing 10% PCS and 10% 
" Is of methiomne. After incubatiott at 37*C fur 3 d. 
u celleeted and used ht purification of B7 Ig u de- 
■ctibed above. Concentntioos of [^]methionme-labeled B7 Ig 
were estinuted by eoo^iarisao of itshiing intensity after SD&-M(aS 
with intensities of known amoontsof uohbdedB? Ig. The ipedfic 
activity of p%)metbiomne-labded B7 Ig was 'v2 x 10* cpm/fig. 

BbidbigAmyi. ilorass^QnnginunobiliMdCD28^96^«dl 
plastic duhes wcr coaled m 16-^ h with a i^tioo <wntaining 
C028I$ (0.5 w n « "ohaae of 0.0S ml of 10 mM liis. pH 8). 
VMlt woe then blodted with binding bofier pMBM cootuning 
50 mM BBS, pH 6.8, 0.1% BSA, and 10% PCS) (Sigma Chemical 
Ca, St. Louis, MO) be&ie addition of a sohtion (0.09 ml) con- 
taaibg'=^-B7Ig(<Vi3 » ia'epm)or|)^-B7(g(1.5 x lO^cpm) 
inthepicaeaeeot AsaMeofcon^eiiton AftttiaeiaMiionfer2-3 b 
at 23"C. wdb wve washed once with Undfav bnflei; and four 

SoofO* i?NaO^»f t**"^ ^ ^.'!*'^^}^ 
countii^ Xt'hen I 



raOH, and ouantified by Hqnid idntillatlon or Y 
n binding ^>»I-B7 to CD28* CHO cdls was 
wen seeded (2.5 x lO'Aedl) in 96^ pbtes 
he start of the ayr i ment. Binding was otherwise 



SDSAgt. SDS-FAGE was pei&rmed on Unearaoylamide gra- 
dient geb with stacking gels ot 5% acrylamide. Geli wete stained 
with Coomassie BUie^ detained, and photographed or dried and 
eg^osed to Xiay film (Kodak XAR-S; Eastman Kodak Ca, Roch- 
ettec NY). 

RNABktAaahia. RNA was prepared from stimulated PHA 
blasts by a published procedure (29). AHquoii of RNA (20 i»g) 
weie factionated on fer fnaldfhy de agarose gds and flienttaiislettej 
to mtroeeUulose by c^nUaiy action. RNA was oosslinked to die 

"''"^^^(heedW h^^^'lrith^ 

human lL-2 (picpozed from a '^'6004m cDNA fiagment provided 

by D>^ S. Giffis: Immnna Corp.. Seattle^ WA). Equal loading of 



tides weie i^laced with the signal p^ti<le from on 

es e&aent idlease of secieted proteins 
I assays (J. Kallestad, P. S. Lindey, and 



M (24), wbkh 



W. Bsad|y. unpublished observations). These cDNAs were 
cloned into an cg^iBtiion wAoii ti3>u&cted into COS edit, 
and ipcut cnltun mcdiiiin waa teated for secreted fimis of 
B7 aodCD28. In diii fatUon, we produced Kvetal soluble 
forms of B7, but in repeated mempta, we wen unable to 
detect soluble CD28 molecules. 

W» then took the appioadi of making recqHor Ig C7 fu- 
sion proteins. Other investigators (25, 30) have shovra these 
molecules to be efidently produced in transient expiestion 
systems, and easily purified and detected using standard im- 
munochemical tadunques. The B7 and CD28 extracellular 
regions, piended by the s^^ peptide to oncottttin M, were 
fused in frame to an Ig C7I cDNA, as shown in Pig. 1 A. 
During construction, the Ig hinge disulfides were mutated 
to serine residues to abolish intrachain disiilfidft bAnding. The 
resulting fiMion proteins were produced in COS ctSi and 
purified by affinitT chtomatoBHilnr on iinm 
■landMethodi.lf 



A as described in'Materiab a^ Mrthods. Tidds of purified 
proteitt were typically 1.5-4.5 n^/titer of spent culture 
medium. 

As shown in Hg. 1 B, the B7 Ig fusion protein mignted 
during SDS-PAGE under nonredudng conditions piedomi- 
nantly as a sing^ species of M, 70,000, with a small amount 
of material m^rating as a M, ^150,000 spedet. After teduc- 
tioB, a sing|leA( ~75,000 species was observed. The nature 
of the M, 'vl50,000 spedes was not inveitigated further. 
CD28 ig migrated as a JVf, 'vl40,000 species under non- 
redudng conditions and a Af, "'70,000 species after reduc- 
tion, indicating that it was esqiressed ai a homodimet, Since 
the ^ CyI binge <7steines bad been mutated, disulfide link^ 
probably involved cysteine residues whidi naturally form in- 
terchain bonds in the CD28 homodimeT (25). 

BintliHg AeHvilies cfB7 and CD28 Immimgioiulin Cy Fu- 
sion Pnttim. TSo invest^te the functional activities of B7 
Ig and CD28 Ig, we first tested binding to CHO cell lines 
expressing CD28 or B7. In early experiments, spem culture 
media mm transfected COS cdls was used as a source of 
fusion protein, while in lattt experiments, purified proteins 
were used (Hg. 2). Binding was detected by addition ^FITC- 
conjugated goat anti-human Ig second step reagent. B7 Ig 
was bound by CD28^ CHOl while CD28 Ig was bound 
by B7* CHa B7 Ig also bound weakly toB7* CHO (Hg. 
^, suggesting that thu molecule has a tendemy to Sum 




-/3ME -k-pwiE 

Kgutt. CoomiietiMai)d<)cpnitioiio{B7tiidCD2ShC7iuiica 
proteju. (/I) Mq>i of B7 Ig nxl CDS Ig eoasmiM. cDNA cmmueb 
cneediag tlie iodUaM! poriiom of oneemtii) M (iM tiaW i»taf), B7 

oMutraeted « aeteribed in MMctiiU nd Mctbodi. SgqnnM 

tlw jn«!ti<m» b«wTO B7 and CD28 (o^pftaJ fcotn). Bid tl» 
pwtide (SP) of ogcoraiin M at tfadi NHi tennini. and the Mage (H) 



^ . .at in CD28 (13) and B7 (22). The CH2 

and CH3 doniaUu of % Cvl an al» bdicaicd. (S) Fuiifieatioo of B7 
Ig and QMS Ig. Expccwon pfainrid cTOitnKti eneodia^ 
tdns dii^ayid aboic were uansiected into COS celli. Soum-fixe condi- 
tioDed medium wat odkcted, lod Ig CYHxmtiiahig pnteiw wen poi^ 
Iqr poedn A aftra? cfaiaiiatagiq^ 11 denU in MalmA 
Alupiot* (I pg) of B7^ (lanei i and 3) Of CDJg Ig 2 and 4) were 
iulgccted to SDS-MtS (4-13% aaylWBde gtadiett) ondar BoncdKi^ 
(- iSME. lanei 1 •nd2)orndueii«(+ ^MBIanei Jand4)a>ndtiad^ 
LaiK ; ibovn mol w« marken. PloMiM w« AuiIiMd I7 mining w^^ 



Hf»i2. B7IgindCD2SIg1iindloiiini6ctedCHOCdk AiuAfiad 
uaufected CHO ceOi expiewng CD28, B7. or dli6 only (no nu&ce 
mailter) wete fint itaiaed with faonan Ig Crl-eontainiag ptotdu (cfci- 
mttic ffiAb U, CD28 I» B7 Ig, or CDS Ig), or nwute mAlii (9.3 or 
ra-1 at » fig/ml), £dli>«d br nrCnniiggatid anti-hii^ 
ft leeondnep leageaii. A total of lO/MO itained ce& wai then inalyi^ 
IdrFACS". 

Ixunophilic iatenctkmi. No binding waa detected of a chi- 
meric isAb coDtuning human Ig Cyl, or of anodier fusion 
piotrin, CD5 Ig. Thus, B7 Ig and CD28 Ig retain binding 
activity for their respective counter-tecepton. 

We nect determined the apparent affinity of interaction 
between B7 and CD28. B7 Ig was either metabdicallx la- 
bded with p%]methionine^ or iodinated, and radiolabded 
derivatives were tested for binding to immobilittd CD28 Ig 
or to CD28* CHO odk A competition binding aneri- 
ment using WI-B7 Ig and immdiiUnd CD28 Ig is shown 
in Rg. 3 i4. Binding of "^-B? Ig was compel^ in dose- 
dependent fashion 1y unlabeied B7 Ig. and by mAbs 9.3 and 
BB-1. mAb 9.3 was the most effective competitor (half-max- 
imal rahibition at 4.3 nM), followed bjr mAb BB-1 (half- 
majdmal inhifoiti(«i at 140 nM) and B7 4 (half-maximal in- 
hibition at 280 nM). Thus, mAb 9.3 w» '^'6S-feld more 
e£kctive as a competitor than B7 Ig; indicating that th« mAb 

L Tent sffinity far CD28. The same tdativedifler- 

I was seen when P'SJmethionine-labded B7 
Ig was used. Chimeric mAb L6 did not significantlj inhibit 
binding; the inhibition at hi^ concentrations in Rg. 3 
was not seen in other ocperiments. When the competition 
daU were plotted is the Scatcfaard representation (Hg. 3 B), 
a single dass of binding sites was observed (JCi '^'200 nM). 
An identical Ki was detected for bindmg of "^I-B? to 
CD2S^ CHO ceUs. Thns. bodi membrane bound CD28 
and immobilized CD28 Ig showed similar appaieot affinities 
for •»I-B7. 

CD28 is rAe Primary B7-imi% Protein oh PHAiKtivaui T 
COs. Although B7 Abound to immobilized CD28Ig, and 
to CD28* CHO oeBs. it v»t not known whether B7 Ig 
conld Hnd to CD28 naturally cgqncssed on T cells. This is 
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diilia were ooiied witb CD28 ]g u 

wi-tabded B7 Ig (?J^x JJJ j*^^ " rf^^,^**" 
ttou of oulMed diimeilc U, aAbTTmAb BB-1. ot B7lt!°nitt^ 
bound ndkMctirity wa (Icteniuiwd tad i> cxpRUed n a ;ct(cat«ge of 
adiotetivily booad to wcDi ticated without ocanpedior (TJKO epa). Each 
point npicianu tlu awn of dnpGate detaminatioiu; iqiliatagcnaiDy 
varied fram the mean by <aO%. Concematiou wtre calctdated baaed 
on a M, of 7^000 per Undim lits fat mAbi and SUMO par bindiiig nta 

B7 ^ (B) Seatchaid anai]tri> ef nalabded B7 b eaoMeiitioB 
o^irimaaLDibdiDmiaE^SilaniiqloiiadtathBSGMdariin^ 
tMka and ■ Uodiiv isMlam (K4 m CMimattd fioi die ikne of the 
fine beat fitting the opcrimeBtal data <r • -0.9B5). 

«t> iiWM f n «n» fTOMtlfWTiftn llttPf At IfTfl flf CDM OP PMH- 

feeted edit w» ~104bU higher dm thM feund on FHA- 
activated T odO* (20). theie&ce tested PHA-activate^ 
cdls for binding of B7 Ig bjr FACS* ana^ after indirect 
taununofluoreicent staining. As shown in Kg. 4 A, these 
cdls bound significant levds of B7 and binding was in- 
hibited fajr mAbt 9.3 and HB-1 also detemuned the iden- 
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HfDM4. CD28nibenimaiyB7Igbindiiwnoteini»PI' 
Tcdk (4) I!ACS»in>fi]eiflf B7 IgbiiidivloniAbbtti. m 
m, woe mined without ot with B7lgailOMABL Whc 
niAbi 93 ot BB-1 wcR added (alM ft 10 w/nl) to celb siai 
with B7 ^ Bound mAb waa detected with a FnCmjaoted nat 
• ■ " - waoalyiedVMCS*. 



ilgCyie^geat, anditi 
(B) Aaleii«(«>am of "H-libeied pnieiB inmiuaepfscbitaied l7 B7 
PHA^tianlatid NL «« nt&ce yicU with »1 a deurW 
toiala and MethodL Aliquoti of a nomonie deteigent eitiact of iabdcd 
eeUi(A<3 X 10i^inavolomeof0.12m])we(eiBbjectedtoiaimuao- 
ptedpitationana^ with no addition (lane I), mAb 9J {Sm, lane A 
B7 Ig (10 (Ig. line J), or chimeric U (10 M, W 4). After precipitation 
of amigeo-antibodjr compkxn uiiag ibniJfai-fixed SUfhfloacau ams. 



ioopicipitaaea wit tifyui b^r SIXMAQE (5^i5%^- 
») undetiiedndiig <■!■ 4-MB. laaei ' ' 



B7%(10«.lane7) 
'S4!U:E(5-U%aei^ 



„ . . Bcqnlationanafyns 

of <»I-sur&ce-lafaded oefls 4 B). Both mAb 9.5 and 
B7 Ig immunopredpitated a Mt '^5,000 proton under re- 
ducing conditioot and Mt and '^40,000 pnMeinf 



unda somedncuig ooo£tioiiSi with the lattK Som bang 
moM ptomiiKBt. The M, 045,000 potan finwd in the 
nm^ precipitated with chiuneric mAb U wu doe to 
over and wu not leen in other e]q^erinients. mAb 9 J was 
mote e£Eective at immunopzedpitation than B7 Ig, in agiee- 
ment with the gteater affinity of the mAb (Hg. 3). Identieil 
lesults were obtained when CD28^ CHO cdls woe wed 
for immunoprecipitation analysis.. Predearing of CD28 by 
immunopiecipitation with mAb 9.3 also lemoved B7 Ig^ 
ptecipitaUe material, inficating that both mAb 9.3 and B7 
Ig bound the same I'^I-labded protein, laken togethei; the 
resulu in this section indicate that CD2fi is the major receptor 
for B7 Ig on PHA-activated T ceUs. 

B7-Bbangl»C^28aoek,CD2g.meikaidMKsio^ mAbs 
to CD28 have potent biological activities on T cells, sug- 
gestii« that intenKtion <^CD28 with its natwal ligaaid(s) 
may also have important fuiKtional consequences. As a first 
tuf in determining fiaictioMl conie m Maeea of hrteiaction 
between B7 and cans, we atkedwheAerB7Ig could Mock 
the CD2ft-niediMd adhesion assay (20). As shown in Hg. 
5, B7 Ig blocked CDZSmediated adhesion somewhat less 
ciEectively than mAb 9.3 (half-maxinial inhibition at 200 nM 
as compared with 10 nM for mAb 9.3). The teUtive efiec- 
tiveness of these moiecules at inhibiting CD2S4ne&ted adhe- 
sion was similar to their reUtivebindiDg affinities in compe- 
tition binding eqieriments (Hg. 3 A). CD28 Ig £ukd t» 
inhibit CD28-mediated adhesion at concentrations of up to 
950 nM (data not shown), suggesting that much higher letds 
of CD28 Ig were requised to compete with the hi{^ local 
coDcentiations of CD28 present on transfected edk 

B70MlumdakisTCaPntllemtiim. not investigated 
whether triggering of CD28 B7 was costimulatuy fnr 
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Table 1. B7 Jj; li CoMiiniifawy wiA Ati^DSfer Pn^tSon 



«*p. uAw ttiinmwion 


[nq-Tincc 
— Anti-CD3 


«po«.ion 
+ Aiiti-CD3 






10-' 


1 None 




26.0 


mAb 9.3 (solution) 


as 


156.1 


mAb 9 J (inmieliiBaej 


D 0.1 


137.4 




0.1 


174.5 


2 None 


0.2 


194 


mAb 9.3 (solution) 


0.4 


7S.8 


B7+ CHO oeOs 


9.4 


113.9 


dhfr+CHOedls 


23.8 


22.1 



Fin. wcw itolited md cnliuied in the prcNsee of the iodktted eeittett- 
luon flf T cdl pmli&niiin. Kb&COA ttmubikn wn with mAb OlM 
rt 1 ^/ml in Mlntion. Pot CaM8 irimuUiioo, mAb 9.3 or B7 Ig were 
•diU in nhitiao at 1 M''i>^. « >fia muMUiiMta 
b3rpie.iocub*iion afptetdiu tt 10 /is/ml b PBS fee 3 li it 23*C ind 
thtawMUagtfaeaiknnwdli. CHOmdi»i>taddh&* CHOoeDs 
WCK inadiiled with 1.000 nd bcfm nrndng with FBI *t a 4:1 ratio 
of PBL/CHO od]t. tihn culture lot 3 d. {mdifention wu meatmed 
by OFtake ofpHItfaymiiSne for 5 h. Vthes AewB vt nma of d««r- 
minatiom bom qnadni|)9)cat« cultORi (SBM <15%). 



T cdl piolifaatiM. The aUlity of B7 lb to cottimulaie pR^ 
ation of PBL together with anti-CD3 was first oqiloied. In 
sevend ^eriments. B7 1^ in lolntion at conoemnUHmt <rf 
1-10 showed only a modest enhancement of piofifor- 



PH)-T ineoiporation 



T cdls/CHO eds +B7* CHO +CIM* CHO 



cfm X to-' 

25:1 92.7 15.S 

50:1 135.4 19.5 

100:1 104.8 16.8 

200:1 90,3 17.7 

57,0 13.7 

800:1 42.3 17.6 



PHA blast! wete cokiMd 11 SO^cdi/wfO wiA vuylag smenais o{ 
irradiattd CHO <dl tniiifi«*iiM. Afta 2d ofeultarc, ffoi&tad^ 
mcSMRd by * S4i poiw of pH|tl9iai<fiu. Shown an nira of qoad- 
tm&M drtanimidow <SU« <U%). Badcgiouid 
blatti wtdiout addni C3IO edb wa> 11.200 cpm. [>Hrnnrmidn» In- 
cotpoiatioiibyiiTadiitriB?* CHO and CDS* CHO edit >k»e wa> 
<lMl9mst each edl eoBcemniioD and ha> bctn 



CHO COi b ItMtui if am- orBl- iftafic mAhi 



B7* CHO 
B7* CHO 
B7* CHO 
B7* CHO 
CD7* CHO 
CD7* CHO 
CD7* CHO 
CD7* CHO 



B&-1 
LB-1 



BB-1 
LB-1 



(dti n > mio cf 100:1 TceDi/CKO (dli. mAbi wmiddea it lO/ig/nl 
It ibc bcgwning of ca]lute. ntAb LB-1 (21) ii m iiatype-mHcfaed <ao> 
trol fee mAb BB-1. Froli&ntion wti mcuuml by upMke <^ (>H|- 
tbvmidiiic during a 54i piilx afl« 2 d of cnkan. Vahn 
of qiudMpBette eulnues (SEM <1S%). 




Rgm 6. B7 itimuktei •ceninulMion of QrJ mRNA. PHA bliiti (5 
X 10>) wen mixed with tmuftctcd CHOceDi (it t ndo of «hl T 
idk/CHO <db), aiKl/ar mAbi II iatficilaL mAb 9 J w oiad at 10 WmL 
1-1 (20 >ig/ml) n] added 1 b bdoR additWD of fi7* CHO odb. 
I enuUnkcd, goat aali-motiie Ig (40 w/ml) WH added 
m of mAb 9.3. Cdb ««te btcttbited for 6 h at 37*C 



ation even dioug^ the »iti-CD28 mAb 9 J wu e&ctive. Be- 
catue CD28 aoiilinking has bees identified as an impomut 
determinant of CD28 signal tiansductioD (31), B7 Ig wis 
also aw^aied to 9J wlien immobilized on piaitk wefis (1^ 
1, Exp. 1). Under these conditions, B7 Ig wn aUe to en- 
hance pmlilention and compared fnoaUj with mAb 9.3. 
B7* CHO cells also were tested and compiled with cod- 
tcol dhfr* CHO odb fiw costimulatoiy activity on testing 
lymphoe^ ffiUe 1. Exp. 2). In tins es^etiment . ptaiiSea- 
tion was seen with dhfr-*- CHO cdls in the absence of anti- 
CD3 mAb because of cesidual inootpocstion of [^]tb)rmi- 
dine after inadiation of these odls (data not shown). This 
stimulation was not enhanced by anti-CD3 mAb and was 
not seen in other oqietiments (i&itt 2 and 3) where ttans- 
fected CHO cdls were added at lower tatioi. However; B7* 
CHO cells were very effective at costimnlatton with anti- 
CD3 mAb, indicating that odl sutfiM» B7 had similar ac- 
tivity in this assay as antt-CD28 mAbs. 

Vfc also tested whether B7* CHO cdls could diiectiy 
stimulate pndifiaation of testing PHA blasts whidi respoid 
dincdy to 0328 eroislinking hf mAb 9,3. Again, the 
CHO odb weremy potent to stimuhtit«pn]ifimtion (BUe 
^ and were able to do so at v«7 low cdi numbers (PHA 
hlast:B7* CHO latiat of >flO(fel). Hw ctmtnl CDS* CHO 
odb did not possess a suniiat aeiiviqr. (h a number of difizent 
expeiimaits neidKr dhfr* CHO^ CDS* CHO, nor CD7+ 
CHO cdb stimulated T ceJl proliferation. These were there- 
fore used interdsangeably as native controb for efiects in- 
duced by B7* CHO cdls). The stimulatory activity of B7* 
CHO was further shown to result from CD28/B7 interac- 
tion, since mAb BBl inhibited stimulatbn by the B7* 
CHO edit widtout aSscting badcground prolifisation in the 
presence of CD7* CHO cdls (fible 3). mAb LB-1 (21), an 
mAb to a difieient B odl antigen, did not inh^iit pidiitf- 
ation. mAb 9.3 (Fab fragments) inhibited proHfaation in- 
duced by B7* CHO but not badcground pioli&ration seen 
with CD7* CHO cdls. The eiqietimentt show that B7 is 
to stmnlate signal ttaniduction and augment T cdl ac- 
tivity by binding lo C028. but that oosdbkittg is requited 
and B7 eqnessed on the odl surfiwe is most eActive. 

mSHmuiatalLlmRNAAeammbtlon. Wedsoinves- 
ti^ted eftcts of CD28/B7 mteiactions on IL-2 production 
hy sndysdng transcript levds in PHA-blasts stimulated with 
B7* CHO cdls or CD7* CHO cdls. RNA was prepared 
bom stimulated cdb and tested by RNA blot andjm for 
the pretence of IIr2 trmsaipts (Hg. 6). B7* CHO odis, but 
not C07* CHO odb, induced accumulation of IIr2 tran- 
scripts. Induction by B7* CHO cdls was partially blocked 
by mAb BB-1. Induction by B7* CHO cdls was slightly 
better than achieved by mAb 9.3 in sohitioD, but less efic- 
ttve than mAb 9.3 after ctosslinking with goat anti-tnouse 
Ig,Thus, triggering of CD28 by cellsurfrceB7 on apposing 
cdb stimulated IIr2 mRNA accumulation. 



have used soluble Ig Cy fusions of both CD28 and 



Kj vabe far thii mtetactkm ('>'2in nM) it widlin ^ 
of afinidei obscrad mAlM (2-UM)00 nM; Kfcience 3^ 
and comparei &vo(Afy witb the iffinitict ettinated far odbcf 
Uphold adhedon tMbcidei. Sdinedc et aL (33) eitmuted 
the affinity (JQ niiOO nM) between a miuine T cell 1^ 
bridoma TCR and soluble aHoantigen (class I MHC mole- 
cules). A of 400 nM was measuied between CD2 and 
LFA3 (34). The affinify of CD4 far dass II MHC, while 
not matured &ectly, was etdmated (35) to be >10,000 timet 
lower than the affinity of gpl20-CD4 intetactiont (JCi - 4 
nM; tefeieoce 36). Thus, the affimty of B7 far CD28 jmpears 
greater than affinltiei reported far tome other lymphoid adhe- 
sion tjntemt. 

The degree to which the apparent Ki of G32a/B7 inter- 
action reflects their true affini^, at oppoted to their avidity, 
depends OB the valen^ and/or aggregation of the fiinon pro- 
ton ncparadona. In psdiminary CBcpenmcDtt. we eximfaied 
the degree of tggiegstion of theie ptepnationa by nae frac- 
tionation (TSKG30008W oohmmduted with PBS). Under 
these conditions. B7 1% duted at U, 'V'350.000. and CD28 
Ig at Af. '^'300,000. Both proteint thus hdiaved in solution 
as larger molecules than they appeared by SDS-PAfiE (Hg. 
1), suuetting that thqr may farm higher aggregates. Alter- 
nativdy, these reiults may indicate tlut both fusion proteins 
assume extended ^confamutioiis in solution, resnltii^ in htge 
Stokes radii. R^atdless, the interaction we measured using 
toluUe ptoteini probably underestimates the true avidity be- 
tween (3328 and B7 in their native memfawastodated state. 

The relative contribution of difiineat adhesion tyttemt to 
the overall strength of T cdl-B cell interactioas it not eatily 
ganged, but u ^y a fiuicdon of both affinity/avidi^ ai^ 

and counieraceptoii uncAved. Snce both CD28 and B7 are 
found at rdativtty low levelt on retting lymnhoul oeOt (16, 
22), th^ may be lett involved diaa other adiienon tyttemt 
(7) in initiathig intercellular intetactiont. The primary role 
of CD28/B7 interactions nay be to maintain or amplify a 
response subsequent to induction of these counter-receptors 
on their respective cell ^pes. 

While oecupanqr or crosshnking of the T cell antigen 
receptor is sufficient to initiate a T cdl immune te^onse, 
fiiD activation requires additional oostiaulatory tignak In 
tome cases, sokible molecules such at Ilrl can provide 
cottimubtory activity, but in other cases tlie nature of the 
molecule(s) mvolved is unclear (8, 9). Schwartt (9) h» re- 
cently reviewed evidettce far a costimulatory activity on 
anti^pieienting oelb which m^ determine triudier TCR 
oeeupancy leads to a productive or anergic response m mu- 
rine Til doner. TUt activity appears to require odl-oell con- 
taa, leads to uoeated IIr2 production, and may <^perate 
through a diffisent tigntl-trautdudng pathway than the TCR 
(9). M of these characteristics are thaied with the CD28 
pathw^ (reviewed in refiaence 14). leading to the intriguing 
potsibiltQr diat (±>28 may be one of dxse functionally defined 
costimuhtety molecules. In agreement with this potiilnlity. 
b the finding by Ledbetter et al. (31) that anti-CX>28 mAb 



can partially overcome inh&ition of T cdl pioHfoation in- 
duced fay intemaUation of die TCR. Studiet of the involve- 
mesit ofcD28/B7 inteeactiom in vatioos eqierimental ^sterns 
will be required to fiiUy evaluate the role <rf these oMtimula- 

Binding of B7 to CD28 on T edit was costimulatory for 
T cell proliferation (labia 1-3), suggesting that some of the 
biol«^^ eBxtt of anti-CD28 mAbs result &om thor abiH^ 
to mimic T cdl activation resulting from natural interaction 
between CD28 and its counter-receptor, B7. mAb 9.3 has 
gt^ter affinity far CD28 than does B7 ig (Hgt. 4 and 5), 
which m;^ aoeount far the cxtitmdy potent biotogieal efictt 
of dui mAb (14) in cottimulating polydonal T cdl responses. 
Snqitiangly, however. anti-CD28 mAbt are inhibitory far 
antigen-tpcdfic T cell tetpontet (15. 16). This miy indiate 
diat antigen-tpedfic T cell responses are dependent upon 
costimdation via CD2a/B7 inteiactioDs, and that inhibition 
thetefere results from blocking of CD28 stimulation. De- 
spite the inhibition, CD28 must be bound by mAb under 
these conditions, implying that triggering by mAb is not 
always equivalent to triggering by B7. Although mAb 9.3 
has hi^ apparent affinity for CD28 than B7 (Hg. 3), it 
may be unable under these dtcumstances to mduce the op- 
timal degree of CD28 dustering (31) far stimulation. 

0328/67 intetactioDi m^ also be important far B cell 
activation and/or difEetentiation. have lecently observed 
that mAbs 9.3 and BB-1 block Th odl-ondneed Ig produc- 
tion by B edit (N. Dunk, P. S. Unsiw. and J. A. Ledbetter. 
unpublished resultt). This blocking eftct m^ be due in part 
to inhibition by these mAbs of praduction of T,rderived B 
ceU-diiected ^kinet, but m^ also involve inhibition of 
B cdl activation by interfering with direct signal transduc- 
tion via B7. There results suggest that cognate activation of 
B fymphocytes, at well as Tk lymphocytes, is dependent 
upon interaction between CD28 mi B7. 

The mechanism of IIr2 transcript induction in T cells by 
B7* CHO edit (Fig. 6) is not currently known. It it well 
known that mRNAs kt cytokines and other inflammatory 
mediators are characterized by the pretence in their 3' un- 
tnnslated regions of AU-tich motifr (37), which control 
mRNA stobiKty (38). Studiet by Liadsten et al. (19) showed 
that anti-€3928 mAbs stimulated production of several T 
cdl-derived qrtokines by stabilizii^ ttaasaiptt far these mol- 
ecules. However, as discussed by June et d. (14), anti-CD28 
mAbs may dso enhance transct^>tioD of IL'2 mRNA. 
Whatever the mechanism of transcript accumulation by 
CD28/B7 intenctions. n^vlttion of cytoldne production ly 
cdl-cdl contact has also been shown in other systems (39). 
Mai^ efifector fanctions of T lymphocytes are cytokine medi- 
ated (40), and control pointt in the synthetic pathwajrt of 
there molecules are therefare exuemdy important. As dys- 
functional qrtokine production has been impHcated as a con- 
tributing frctor in tevetd human diseases (40). it wiH be im- 
portant to determine how B7/CD28 intetactiont «q(ulate T 
cdl <7tokiiie production hi vatiottt pathologlcd states. 
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Costimulatory Requirements of Naive €04* T Cells 



ICAM-1 or B7-1 Can Costimulate Naive CD4 T Cell Activation but 
Both Are Required for Optimum Response^ 

Caroline Dubey,^ Michael Croft, and Susan L. Swain 

Department of Biology, University of California, at San Diego, La Jolla, CA 92093 

Efficient initiation of a CD4 T cell response requires both activation through the TCR and costimulation provided 
by molecules on APC with counferreceptors on the T cell. We investigated the relative contribution of the ICAM- 
1 :LFA-1 and B7:CD28/CTLA-4 costinjulatory pathways in naive T cell activation, using either anti-CD28 Ab or 
fibroblast cell lines transfected with l-E^ which express either no costimulatory molecules, ICAM-1 alone, B7-1 
alone, or ICAM-1 and B7-1 together. Peptide Ag or immobilized anti-C03 was used to provide the TCR signal. 
CD4 T cells from mice transgenic for the V^3/Va1 1 TCR, which recognize a peptide of pigeon cytochrome c 
complexed to l-E", were used as a source of naive T cells. Naive T cells stimulated with Ag or anti-CD3 responded 
well to high numbers of APC expressing either ICAM-1 alone or B7-1 alone. However, APC expressing both 
ICAM-1 and B7-1 were much better stimulators of proliferation and IL-2 secretion at low cell numbers, and were 
far superior inducers of IL-2 at higher numbers, indicating a synergy between the two pathways. Stimulation 
provided by lCAM-1 could not be solely attributed to adhesive strengthening of other pathways, since costimu- 
lation was seen when immobilized anti-CD3 was used and when ICAM-1 only APC were added, indicating that 
ICAM-1 was in fact acting as a classic costimulatory molecule. Both the magnitude of the response and the amount 
of costimulation required for response were dependent on the intensity of TCR interaction. These results suggest 
that an efficient naive T cell response requires both a strong TCR signal and more than one costimulatory signal 
that will synergize with the TCR signal. This offers an explanation as to why APC such as dendritic cells and 
activated B cells, which express high levels of multiple costimulatory/adhesion molecules, are the only APC that 
elicit naive T cell responses. The Journal of Immunology, 1 995, 1 55: 45-57. 



The extent of the primary response of naive CD4 T 
cells, which involves dieir activation, expansion, 
and differentiatran, will deteimiiie whether a suc- 
cessful immune response is mounted to a pathogen. It has 
been suggested that T cells require two signals for re- 
sponse: the first signal, which confers specificity on the 
response, is normally delivered via the TCR by its recog- 
nition of an antigenic peptide presented in the context of 
the MHC. The second signal, termed the "costimulus," is 
provided by one or more distinct cell surfiice molecules 
expressed by APC interacting with coreceptors on the T 
cells (1-3). Largely based on studies using Abs to the 
TCR, CD3 or CD2, it is thought that naive cells have very 
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Stringent requirements for activation and are rendered un- 
responsive or anergic if TCR ligation occurs in the ab- 
sence of such "costimulatory" signals (1-6). These signals 
are neither Ag specific, nor MHC restricted, yet they may 
be critical for the induction of maximal T cell prolifera- 
tion, cytokine production, and development of effector 
function. A surprisingly large number of APC sur&ce 
molecules have been suggested to be involved in transmit- 
ting activation signals to counter receptors on CD4 T cells, 
uiduding B7 (both B7-1 and B7-^) uiteractnig with 
CD28/CrLA-4, lCAM-1 with LFA-1, LFA-3 (CD48 in 
the mouse) with CD2, HSA with an unknown receptor, 
and VCAM-1 with VLA-4 (7-17). The expression of some 
of these molecules is known to vary among different APC 
types and can also be up-regulated or induced by activa- 
tion or by cytokines (11, 18-23). 

Because of the low numbers of naive T cells specific for 
any particular protein Ag in unprimed animals, most of the 
conclusions about the nature of costimulatory molecules 
have been based on the analysis of polyclonal T cell ac- 
tivation by anti-CD3 or anti-TCR Abs or lectins, alloan- 
tigen-induced responses, and on studies with cloned cell 
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lines. Moreover,' most reports utilized resting T cells from 
unprimcd mice or resting peripheral blood human T cells, 
which consist of a mixture of naive and memory cells. 
Therefore, the requirements for Ag-specific stimulation of 
naive CD4 T celb are undear. 

To directly assess the response of naive cells, we used 
a transgenic mouse model that provides a homogeneous 
source of naive CD4 T ceils with a predetermined speci- 
ficity for a peptide Ag of cytodirome c (PCCF) not present 
during their development, thereby ensuring that the cells 
are truly naive (24). We have previously demonstrated the 
naive status of the Tg CD4 T cells and have found fiin- 
damental differences between APC in their abilities to 
stimulate these OEM cells (24, 25). Naive cells were in- 
duced to proliferate and secrete IL-2 only by dendritic 
cells and activated fi cells, APC known to express h^ 
levels of several costimulatory molecules, including B7-1, 
B7-2, and ICAM-1 (11, 18-23). APC that express low 
levels or no costimulatory molecules, such as resting B 
cells and resting macrophage failed to activate naive T 
cells (24). As activated B cells and dendritic cells express 
a spectrum of different ca<!timulatory molecules at the cell 
sur&ce, it would be difficult to ascertain the contributions 
of the individual molecules in naive T ceU activation using 
such APC. Therefore, we have developed a pane! of trans- 
fected fibroblast^ with more limited expression of poten- 
tial costimulatory molecules to analyze the significance of 
individual pathways. 

In this report, we investigate in detaU the role of B7-1 
and ICAM-1 in naive T cell activation. Costimulation was 
provided using either anti-CD28 Ab or three fibroblast cell 
lines transfected with I-E*' (and thus able to present PCCF) 
that express either B7-1 alone, ICAM-1 alone, or B7-1 
and lCAM-1 together. We also tested sorted fibroblasts 
that expressed neither B7~l nor ICAM-1. Our results con- 
firm that naive CD4 T celt activation (proliferation and 
IL-2 secretion) is critically dependent on costimulatory 
signals in addition to signals through the TCR, with naive 
cells not responding to TCR stimulation alone. Using ei- 
ther the peptide 'Ag or polyclonal stimulation (anti-CD3) 
as a TCR signal, we show that eflfective costimulation can 
be provided individually by B7-1 or lCAM-1 but that they 
synergizc to give maximum T cell artivation. Further- 
more, we find that activation represents an integration of 
TCR and oostimulatoiy molecule signaling, with less co- 
stimulation required when the TCR signal is maximized. 



Materials and Methods 

Mice 

H-Z"^ V/33/Vall TCR transgenic mice were bred in the animal faciUiies 
al the University of Califbniia, San Diego and used at 2 to 4 mo of age. 
Mice were originally on a C57BL/6 X SIL background (26), but were 
backctossed gnater than four times lo CSTBiyfi. Transgenic 
nudes were then bred to B10.Bt females to produce transgenie H-2>^ 



T cells 

Purified splenic CD** T cells were isolated essentially as previously 
described (27). Briefly, ^fcen cells ftom transgenic mict were 
passed over nykai columns, treated with anU-CDS (H02.2 and 3.1SSX 
and-HSA {iUD). and anti-MHC class 11 (M.5U4 and CA4.2.12), fol- 
lowed by « amuse inli-nt k chain (MAR 185) and comptement. IGgh- 
density resting CD4* T cells (80% fraction) were isolated using discoo- 
.= " ■• — J. .■ , j4 ,jyj„ and 80%). 
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vedbypi 



>95% 054* ceUs, 90 tt „ , 

(CD4SRB'"*, Mel W""*. Pgp-l"^) and expressed the Iransgenic TCR 
identified by staining with Ab to as previously shown (24). B cell 
contamination was less than 2%. For the anli-CD3 experiments, the CD4 
cells were then isolated by magnetic separatkin based on C04SRB ex- 
pression by sequential labeling with rat anti-mouse CD4SRB (purified 
from the 23G2 hybridoma line, a kind gfSt fmm Dr. B. Purt, Rockefeller 
Univeisily, New York, NY), biotinylaied mouse anli-rat it (RG7.9.1), 
FlTC-streptavidln (Zymed, San Francisco, CA), and biotinylaied mag- 
netic beads (Millenyi Biotech, Sunnyvale, CA). Naive cells, positively 
selected on magnetic cotamns (MACS, Milttnyi Biotech) were >9S» 
CD4SRB*"" as previously shown (24). 

Monoclonal antibodies 

nuKoljpie anafy*^ CeU staining and aa*^ were done on tin four 
fibroblast cell Unes. A panel of mAb tec(«alziag murine ceU sui&ce 
matkecs was added at appraximatively 10 Mg/ini to allquots of 5 x 10' 
cells, niese included hamster IgG anti-ICAM-l (3E2B) (a kind giR from 
Dr. A Brian, La Jolla Cancer Reseaieb, La JoUa, OA), CrLA4-lg (a kind 
gift from I>r. P. Linsley, Bristol-Myers Squibb Phannaceuticai Reseaich 
Institute, Seattle, WA) <28). rat lgG2a biotinylated antl-B7-l (IGIO) 
(PharMingen. San Diego, CA), and rat Ig02b anU-dass 11 (M5.1 14. from 
American Type Culture Collection (ATCq, RockviUe, MD). As control 
mAb, hamster IgG (PharMingen), human IgGl (Chemicoa. Temecnia, 
CA), rat Ig02a biotinylated (PharMmgen), and lat Ig02b (PharMingen) 



NaNSTh inchjded ' ' ha '''""''^^*f'^'''^* 
goat anii-humaa IfQ^i^i^!''^^^^^^}^^'^!^ 
RG7.9.1 (mouse anti^ k diun. ATCC). CeUs were analyzed using a 
FACScao flow cytc]meter(Becton Dickinson, Mountain View, CA) using 
Lysis II software. 

For blocking sludie*, anii-LFA-l mAb F1M41,g (rat IgG2b, ATCC) 
was purified from hybridoma culture supernatant by protein A affinity 
chfomatography. A rat IgC2b mAb (PharMingen) was used as a control. 
CrLA4-Cg and a conliol human mouse chimeric mAb L6 were kindly 
provided by Dr. P. Linsley (Bristol-Myeis Squibb Pharmaceutical Re- 
search UisUtule) (2S). Anli-CD28 ascites was prepared vrith 37.51 cells 
(kindly provided by Dr. J. Alllsnn, University of California, Berkeley, 
CA) in pristane-primed node mice. 

FItrotbat cellHnwi. Four related murine fibroblast cell Un«s were used 
as AFC. The original fibroblast cell line was transfected wiUi 1-B^ 
(DCEK.Hi7, originaUy made by Dr. J. Miller and Dr. R. Germain, Na- 
tional Insiitutes of Health, Bethesda, MD, unpublished observations). 
The DCEK.Hi7 line was then additionally transfected by Or. P. Kohlnnn 
(La Jona Cancer Researdt) (2») with tC:AM-l to yield the DCEKJCAM 
line. Both of these ceU lines cooslitulively express B7-1 (see Hg. 1). 
llie thild flbrabUm ceU line (DCBK.B7-) was derived fiom the 
OCEiCICAM line by FACS siHtiQg of oeUs lacking B7 expression by 
Indirect imfflanolluoieseence. Lines of B7 negative APC were cultured 
for a few weeks and ftuther doned by limiting dihiUon. Several cell lines 
expresdng MHC dass H molecules and ICAM-1 and iieg^ve for B7 
were selected for use (Fig. 1). One of these cell lines, designated 
0CEK37~, was used in these studies. Finally, the conuol cell line 
(DCEiq was obtained from the DCEK.Hi? line by FACS sorting of cells 
lacking 87 expresskin. These cells expressing MHC class 11 molecules 
were negative fcr B7 and ICAM-1 (Fig. 1). 

For presentatkm, the APC lines were prepulsed witb 20 fiM peptide 
Ag, pigeon cytochrome c fragment (VCCFf 88-104, purified by HPLC 
from whole pigeon cyiocbrooic c (S^a Chemical Co., Sl Louis, MO) 
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FIGURE 1. Surface marker expres- 
sion of fibroblaM cell lines. Diferent fi- 
broblast cell lines were stained for class 
II molecules (MS.1 14), (CAM-1 (3E2B>, 
B7 (CTLA4-lg), and B7-I (1C10) ex- 
pression as described in Materials and 
Methods. The marker staining is ir)di- 
cated by the closed histograms; back- 
ground staininR with the respective iso- 
typte control Ab is shown In open 
histograms. 
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at 2 X IO"/mI 37''C for 2 h, followed by washing. Mitomycin-^: (100 
Hgfm\, Sigma) was added during the last 30 min. For the experiments 
using anti-CD3 as a stimulus, the APC weie only mitomycin treated. 
CeU euUuns. Cells were cultured in RPMI IMO (Irvine Scientttic 
Santa Ana, CA) supplemented with penicillin, streptomycin, glutamine, 
2-ME, HEPES, and 7.5% FCS (HyClone Lal», Logan, UT). Culhires 
were set up in 200 /ul volumes in flat-bo<loai 96-weIt plates (Costar, 
Cambridge, MA). 2,5 X Iff* high-density CIM-" T celU were aknidaled 
in Ihe presence of varsring numbers of APClhal had l>een prepulsed with 
PCCF fin 2 h. Fbr Ihe PCCF liiration, 2.5 X lO* high-dendty CD4* T 
ceUs wen slimulated in ihe presence of 1 K ]<r APCand yaiyiag 
doses of PCCF (0.001-10 nM), 10 iM providing optimum stinmUlioii 
(24, 27). For inhitnlion studies. Mocking mAb <S iigfm\) wen added at 
the inlllation of the culture. For slimulalion with anti-CU3, wells were 
coated with 0.S, 5, or SO (*g/ml 2CU (SO fil in PBS) for 2 h at iTC, 
followed by washing. Anli-CD28 ascites used al varying dilutions or 
varying numbers of the dit^rent cell lines' were used as sources of T cell 

of culture by incorporation of [^]lhyiiiidnie (1 jcCi/well) during Ihe last 
16 h. IL-2 seaetion was assessed in supemaiants harvested al 36 h as 
previously described (27) using the NK bioassay, in the presence of anti- 
IL-4(11BII). 

Results 

Characterization of fibroblast cell lines expressing 
ICAM-1 andB7(B7-D 

To develop a panel of APC that differed only in costimu- 
latory molecules, we started with a fibroblast line that Dr. 
R. Geniiain had transfected with I-E" and that was known 
to express B7. We also obtained from Dr. A. Brian a vari- 
ant that their laboratory had transfected with ICAM-1. 
These were termed respectively DCEK.Hi7 and DCEK.I- 
CAM. In our laboratory, we selected a B7-1 negative vari- 
ant of DCEK.ICAM that we call DCEK.BT". As a control 
we used DCEILHi? cells sorted to be B7-1 negative, 
temted DCEK. We analyzed ttiese four fibroblast popula- 
tions for their expression of a pane] of relevant costimu- 
latoiy molecules and Figure 1 shows the flow cytometry 



analysis of dass II (I-E"), ICAM-1, and B7 expression. As 
shown previously by Kuhlman and colleagues (29), both 
the fibroblast cell line.s transfected with l-E" (DCEK.HiT) 
and additionally transfected with ICAM-1 (DCEK.ICAM) 
expressed equivalent levels of MHC class 1! molecules, 
but lCAM-1 was only present on the DCEK.ICAM line. 
Interestii^y, both of these cell lines expressed B7 mole- 
cule(s) as assessed by CTLA4-Ig staining. Using Abs now 
available against two of the B7 molecules (B7-1 and 
B7-2, Ref. 31), we found that both fibroblast lines ex- 
pressed B7-1 (see Fig. 1), but not B7-2 (data not shown). 
However, this does not exclude Ihe presence of another 
ligand for CTLA-4. The third cell line (DCEK.B7") was 
obtained from DCEK.ICAM cells that lost expression of 
B7, using immunofluorescence and single-cell sorting. 
These cells were class 11*. ICAM-l*. and B7 negative, as 
shown in Figure 1. The loss of B7 was permanent, no 
expiesuon beiqg seen over several months' passage or af- 
ter interaction with T cells (C. Dubey, unpid)lished obser- 
vations). Finally, the fourth cell population (DCEK) was 
obtained after sorting out cells from the DCEK,Hi7 cell 
line, which had spontaneously lost expression of B7. 
These cells were class U'^, ICAM-I~, and B7-1", as 
shown in Figure 1. The fibroblast APC did not express any 
other known oostimulatory molecules that we measured as 
assessed by immunofluorescence including LFA-1, HSA, 
CD48 {LFA-3), VCAM-1, or VLA.4 (data not shown). 

Thus, these fibroblast lines represent unusually homo- 
geneous populations that can be used to functionally dis- 
sect the contribution of the B7:CD28/CTLA-4 and ICAM- 
1:LFA-1 costimulatoiy pathways in naive CD4 activation. 
For purposes of clarity, DCEK cells negative fior ICAM-1 
and positive for B7 (DCEK.Hi7) wiU be refstred to as 
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RCURE 2. Double tCAM-1 and B7-1- | 
expressing fibroblasts are the most efficient i 
stimulators of naive T cell activation. 2.5 x E 
10* VP3/VaM naive CD4* T cells were 
stimulated in the presence of varying num- 
bers of lCAM-1 (O), B7 (•), or ICAM-1 and 
B7 (■) expressing class II* fibroblasts that 
had been prepulsed with PCCF. A control 
cell line expressing class II* only was 
added (□). Proliferation (a) was assessed ' 
between 48 and 64 h and IL-2 secretion (b) 
at 36 h. [^HIThymidine incorporation in the 
presence of each APC line but in the ab- 
sence of PCCF was less than 2000 cpm, and 
no detectable IL-2 (<10U/ml) was found in 
either of these culture supernatants. Results ^ 
show one representative experiment of five. 1 



ICAM-1- B7*; DCEK cells positive for B7 and ICAM-1 
(DCEK.ICAM) as ICAM-1* B7+; DCEK cells positive 
for ICAM-1 and negative for B7 {DCEK.B7-) as 
ICAM-1 * B7~; and DCEK cells negative for ICAM-1 and 
negative for B7 (DCEK) as ICAM-1 ' BT". 

APC expressing both ICAM-1 and B7~1 induce 
optimum Ag-sp^ific naive T cell activation 
To directly assess the response of naive T cells, we iso- 
lated CD4* T cells from mice transgenic for a TCR (Vj33/ 
Vail) specific for a peptide of pigeon cytochrome c 
(PCCF 88-104) expressed on I-E" (26). We have previ- 
ously shown that the majority of the a>4* T cells fiom 
these mice (90 to 95%) express high levels of 0)45113, in 
association with a patlcm of markers characteristic of na- 
ive cells, including Ugh levels of L^electin (Mel-14X and 
low levels of CD44 (I^p-1). In addition, these cells are 
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resting and respond to Ag (PCCF) presented on I-E" by 
proliferating and secreting IL-2 (24). They produce only 
low or undectablc levels of other cytokines. The remaining 
CD4* T cells (5 to 10%) from these animals have the 
reciprocal phenotype associated with memory cells 
(CD45IIB'«*, Mel.l4'°*, Pgp-l***). They are also resting 
cells but do not express the V03/Vall TCR and do not 
respond to PCCF (24). Thus, the contaminating "memory" 
phenotype cells make no significant contribution to the 
Ag-specific response. 

To investigate which APC costimulatory molecules 
were optimum for peptide-induced activation, we cultured 
2.5 X 10* T cells widi varying numbers of the four dif- 
ferent mitomydn-treated fibroblast cell lines. The APC 
were pulsed with 20 fM, a saturating dose of peptide- 
pulsing AFC (27), to ensure that signaling via the TCR 
was not limiting. A r^resentetive experiment is shown in 
Figure 2a (T cell proliferation at 48 to 64 h) and Figure 2b 
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(lL-2 secretion). Proliferation (<2000 q>m) and IL-2 se- 
cretion (<10 U/ml) in the absence of exogeneous APC or 
Ag was not seen. APC did not proliferate or produce IL-2 
when cultured alone (not shown). 

All three Ag-pulsed fibroblast APC expnnsiiig ICAM-1, 
B7-1, or ICAM-1 and B7-1 molecules induced detectable 
T cell proliferation, but there were dramatic differences 
between the APC that expressed only B7-1 or ICAM-1 
and those expressing both molecules. The APC expressing 
both LCAM-l and B7-1 costimulatory molecules were far 
better stimulators at low cell numbers, initiating a detect- 
able response when less than 2,000 cells were added per 
culture (1:16 APC:T ratio) and stimulatiBg an optimum 
response at 25,000 per culture. When APC expressing either 
ICAM-1 or B7--1 alone were used, responses were detectable 
only when 8,000 or more cells were present and optimum 
responses required 100,000 cells (4:1 APC:T ratio). When 
APC expressing only MHC class 11 molecules were used, no 
significant proliferation (<SO(X) cpm) was observed. In ear- 
lier e]q)erinient5, conventional sources of APC lacking either 
87 or expressing low levels of ICAM-1, such as rcstii^ 
I-E'''^ B cells, stimulated no proliferation or cytokine pro- 
duction by equivalent naive T cells, whereas APC express- 
ing both molecules, such as activated B cells and dendritic 
cells, were competent as APC (24, 27). 

Figure 2b shovsrs IL-2 production in similar cultures. 
lL-2 production showed the same pattern as proliferation 
but the differences between the APC were even more pro- 
nounced, Again, all three APC lines expressing one or two 
molecules induced detectable ILr2. The response for the 
single ICAM-1- or B7-l-expressing cells is best seen in 
the enlarged insert shown on the upper left of the figure. 
APC expressing either B7-1 or ICAM-1 induced signifi- 
cant amounts of IL-2 (25-60 U/ml) when 8,000 cells weie 
present and maximum IL-2 production (300 U/ml) was 
reached at a high APC:T ratio (4:1; 100,000 cells). In- 
creasing the APC number further up to 400,000 did not 
allow the single-expressing APC to induce responses 
equivalent to the double-expressing cells (data not shown). 
In contrast, the ICAM-1'^B7* cell line not only induced 
significant IL-2 at a low cell number (148 U/ml with 1,600 
cells), but induced massive IL-2 secretion at a higher cell 
number (2,400 U/ml and 3,000 U/ml with 25,000 and 
100.000 cells, respectively). As for proliferation, when 
APC expressing only MHC cla.ss II molecules were used, 
no IL-2 secretion was detected. 

The double-expressing APC were considerably more 
eflfective. To generate a response (proliferation and IL-2 
production) similar to the optimum response obtained 
with single-expressing cells, at least 10-fold fewer double- 
expressing APC cells were needed. Hierefore, B7-1 and 
ICAM-1 coexpression by APC led to strong synergy in 
the initiation of (he response of naive T cells. When the 
single ICAM-1- and B7-l-expres8ing AFC were mixed 
together, an additive eifect on T cell proliferation and IL-2 
production was observed, although tiic dual-expressing 



cells were still much better stnnulators (data not shown). 
These results suggest that the most efSdent costimulation 
dqwnds on co«q)Tession of ICAM-1 and B7-1 on the 
same APC 

Since ICAM-1 is known prindpally as an adhesion mol- 
ecule, one inteiprelation of the results would be that 
ICAM-1 does not itself provide costimulatory signals, but 
by increasing intercellular adhesion, merely makes those 
delivered by other unidentified costimulatory molecules 
more effective. Hiis is unlikely in am system model, since 
the control cell line (ICAM-1 and B7-1 negative) did not 
induce naive T ceil activation. This lack of costimulatory 
capacity was not due to any artifact that may have oc- . 
curred during the cell sorting, as this same cell line oouid 
effectively activate effector CD4 cells (data not shown), 
which respond somewhat in the absence of costimulus 
(C. Dubey, unpublished observations, and see Ref. 27). 
Hiese results rule out the possibility that molecules other 
than ICAM-1 or B7-1 present on the fibroblast cell line 
arc critically involved in naive T cell activation. 

The separate costimulatory functions of ICAM-1 and 
B7-1 were also confirmed by inhibition studies to assess 
the relative contributions of 1CAM-1:LFA-1 interaction 
and B7 fomily interaction (Fig. 3). The fusion protein 
CTLA4-Ig (28), which interacts with both B7-1 and B7-2, 
was added to block CD28-mediated signals and anli- 
LFA-1 mAb to block LFA-l-mcdiated signals. As in the 
previous experiment, 2.5 X 10^ T cells were cultured with 
varying numbers of the three different mitomycin-trcatcd 
fibroblast cell lines expressing one or two molecules. 
Blocking Abs were added at the initiation of the culture. 
When the double ICAM-I and B7-l-expTessing fibro- 
blasts were used as APC (upper graphs), addition of either 
anti-LFA-1 or CTLA4-lg only partially inhibited the pro- 
liferative response and IL-2 production. Simultaneous 
blockade with both anti-LFA-l and CTLA4-Ig produced 
complete inhibition of both T cell proliferation and 11^2 
production at low cell numbers of APC (1 :4 APC:T ratio). 
It is likely that at high APC numbers, small responses were 
still seen due to an excess number of molecules and inef- 
ficient Ab blocking. The specificity of the blocking is in- 
dicated by the feet that CTLA4-Ig did not affect costimu- 
iadon (proliferation and IL-2 production) induced by 
ICAM-1* B7" cells (bottom gr^hs) (no significant inhi- 
bition as compared with control-Ig, not shown), and that 
anti-LFA-1 mAb did not affect costimulation Induced by 
ICAM-1 ~ 67*^ cells (middle graphs). Moreover, in each 
case where single-expressing AFC were used, only the rel- 
evant blocking agent was very effective. CTLA4-Ig inhib- 
ited completely the proliferative and IL-2 response in- 
duced by ICAM-1" B7* cells, except at high cell numbers 
(100,000 cells), and anti-LFA-1 mAb inhibited the re- 
sponse induced by ICAM-1'^ B7~ cells. 

These results suggest that ICAM-1 can act indepen- 
dently of B7 as a costimulatory molecule, since even with 
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FIGUKE 3. B7-1 and ICAM-1 mediate 
specific costimuiatory signals. 2.5 x 10* 
ITCF-specific naive CD4^ T cells were 
stimulated In the presence of vatying num- 
bers of ICAM-1 (Q), B7 (•), or ICAM-1 and 
87 (■) expressing class ir fibroblasts that 
iiad been prepulsed with PCCF. Costim- 
uiatory molecule-bloclcing reagents were 
added at a final concentration of 5 iii/m[ at 
time 0 hr. Proliferation was assessed be- 
tween 48 to 64 h and IL-2 secretion at 36 h. 
Results siiow one representative experi- 
ment of three. 




a B7~ APC, a response was obtained and that response 
was blocked completely by anti-LFA-1. These results, in 
addition to those obtained with the control cell line in the 
previous experiment, demonstrate that no molecules ex- 
pressed by the fibroblasts other than ICAM-1 and B7-1 
are able to indepwndendy costimiUate naive T cell activa- 
tion, since blocking of the B7-1 and ICAM-1 pathways 
produced virtually complete inhibition. However, it is 
likely that providing both ICAM-1 and B7-1 on one APC 
gives much better stimulation, not only because ICAM-1 
and B7-1 are both costimuiatory, but also because in- 
creased adhesion from these molecules may modulate 
TCR signaling. 

Taken together, these results dentonsnate that ICAM-1 
and B7-1 synergized in stimulating naive CD4 T cells 
with peptide Ag, but that cither ICAM-1 or B7-1 was 
sufficient for significant response. B7-1 and ICAM-1 were 
roughly equivalent in their rf>ility to provide naive T cell 
costimulation, and the two costimuiatory pathways acted 
independently of <»ie another. 



ICAM-1 and B7-1 act synergistically to induce IL-2 
production in response to anti-CD3 

To conflfm the costimuiatory role of both ICAM-1 and B7 
and to evaluate the efGect of the strength of the TCR signal 
on the relative dependence on costimulation, we used a 
system with platebound anti-CD3. A concentration of anti- 
CD3 of 50 Mg/ml was used to ensure that signaling via the 
TCR was not limiting and we compared this to a low den- 
sity of TCR signaling with 0.5 jxg/ml. To avoid any pos- 
sible stimulation of the putative contaminating memory 
cell population (CD45RB'°*), naive CD4 cells from trans- 
genic mice were isolated by positive selection on magnetic 
beads based on CD4SRB high expression as described in 
Maurials and Methods. Figure 4 shows the responses of 
naive T cells (15 X 10*) stimulated with either 50 or 0.5 
/ig/ml of anti-CD3 in the presence or absence of incieas- 
ing numbers of the different mitomycin-trcated non-Ag- 
pulsed fibroblast cell lines expressing ICAM-1, B7-1, or 
both. The results confirm that naive CD4 T cell activation 
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FIGURE 4. Response of naive CD4 cells is critically dependent on costtmulatory molecules. ICAM-1 and B7-1 -expressing 
fibroblasts are the most efficient stimulators of naive T celt activation. CD45RB'"»^ naive CD4"^ T cells were isolated on 
magnetic beads. 2.S X 1 ff* T cells were stimulated in the presence of varying numbers of ICAM-1 (O), B7 (•), or ICAM-1 and 
B7 (■) expressing fibroblasts with immobilized anti-CD3 (50 jug and 0.5 fig/mi). Proliferation was assessed between 72 and 
88 h and IL-2 secretion at 36 h. T cell response in the absence of accessory cells Is shown by the points on the y^xes. Results 
show one representative experiment of three. 



is critically dependent on costimulatory signals. In the ab- 
senoe of added APC (ami-CD3 alone), naive CD4'*' T cells 
proliferated little (anti-CD3 SO fig/iml) or not at aU (anti- 
CD3 0.5 iig/ml) and they produced no detectable quanti- 



ties of IL-2. Interestingly, unlike the peptide stimulation 
seen above, induction of a naive T cell proliferation with 
anti-CD3 at high density was equivalent, whether 
ICAM-1, B7-1, or botfi raolecuIe-e:q>iiessing cells were 
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FIGURE 5. Naive requirement for co- 
stimuli varies depending on the strength of 
the TCR signal. 2.5 x 10'' dMBRB"*^ T 
cells were stimulated with difFerenf con- 
centrations of plate-bound anti-C03 (0.5 
O, 5 50 ■ fi$/m\). Costimulus was pro- 
vided by titrating in anti-CD28 or different 
numbers of the three fibroblast cell lines, 
IL-2 was measured at 36 h. (Similar curves 
were seen when assessing CD4 T cell pro- 
liferation), T cell response in the absence 
of costimulus Is shown by the points on 
the ^axes. Results show one representa- 
tive experiment of three. 
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used as coslimuli, over a broad range of doses of fibroblast 
APC. Increasing the number of fibroblasts clearly pro- 
vided costimulation, but each of the fibroblast lines was 
effective. In contrast, at the lower density of TCR signal- 
ing, fibroblasts coexpressing ICAM-1 and B7-1 could pro- 
vide costimulation at the lowest AFC numbers to induce 
naive T cell proliferation, a' situation comparable to that 
seen when Ag was used. In this case, the effects of ooex- 
ptession showed somewhat weaker synergy than when 
peptide Ag provided the TCR signal. Somewhat different 
results were seen for IL-2 production. The responses of 
naive cells to high-density anti-CD3 were more similar to 
those with Ag, with IL-2 recovery in the supernatant tre- 
mendously enhanced when the dual-expressiqg cells 
(ICAM-1^ B?"^) were used as costimuli. Parallel results 
were seen with less anti-CD3, although much less IL-2 
was produced when the TCR signal was weak (note the 
difference in scales of lL-2 production). Thus, for IL-2 
production there was excellent B7-X/ICAM-1 synergy at 
both high and low anti-CD3' doses. The ratio between the 
maximal ILr2 produced by T cells when costimulated with 
ICAM-1 plus B7-1 as opposed to ICAM-1 or B7-1 alone 
was about the same in the two situations (8:1 vs 10:1). The 
IL-2 production of naive CD4''' T cells to PCCF was 
greatra: than to anti-CD3, as reported pi«viously in the 
same systems using T-depleted spleen cells as APC (27). 



Naive requirement for costimulation varies 
depending on the strength of the TCR signal 
To further analyze whether the dependence on costimuli 
seen above would vary with the strength of TCR signaling, 
we used several doses of anti-CD3 as a TCR signal. 2.5 X 
10* naive CIMSRE"^** CD4* T ceUs were stimulated with 
three different concentrations of anti-CD3 (0.5, 5, 50 itg/ 
ml) to mimic a weak, intermediate, or stiong density of 
TCR signaling. Costimulation was provided by titrating in 
anti-CD28 Ab, or different numbers of the three different 
mitomycin-treated fibroblast cell lines, and results of ef- 
fects on It^2 production are shown in Figure 5. As shown 
previously, TCR signaling in the absence of costimuli (an- 
ti-CD3 alone) did not induce delectable IL-2, even at ex- 
tremely high levels of TCR ligation (SO fig^l). Provision 
of a oostimulatory signal in the form of antj-CD28 mAb, 
which crosslinks CD28 and mimics the effects of B7: 
CD28 interaction, or in the form of ICAM-1 or B7-1, or 
ICAM-1 and B7-l-cxptessing cells, led to increased IL-2 
production (Fig. 5) and T cell proliferation (data not 
shown) fai an anti-CD3 dose-dependent manner. The level 
of IL-2 produced increased witfi costimulation, but the 
maximal IL-2 production was seen only with die highest 
anti-CD3 dose. Moreover, at the higher anti-C03 doses, 
lower levels of anti-CD28 or lower number of fibroblasts 
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FIGURE 6. Naive requirement for 
costlmuli varies depending on the Ag 
dose. 2.5 X 10* transgenic naive 
CD4* T cells were stimulated with 
different concentrations of PCCF 
(0.001-10 fiM). Costlmulus was pro- 
vided by adding 1.25 X 10* ICAM-1 
(O), B7 (•), or JCAM-1 and B7 <■) 
expressing class II"^ fibyoblasls. A con- 
trol cell line expressing class 11'^ only 
was added <P). Proliferation (a) was 
assessed between 46 and 64 h and 
IL-2 secretion at 36 h. T cell response 
in the absence of PCCF is shown by 
the points on the yaxei. Results show 
one representative experiment of two. 
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expressitig costimulatory molecules were needed for opti- 
mal IL-2 production. For a low-density TCR signal (0.5 
ftg/ml), no IL-2 could be detected when anti-CD28 Ab 
was added, although some proliferation was observed 
(data not shown). With an interaiediate dose (5 ngffiA}, 
high titers of IL-2 were produced (l,OOOUAnl). At a high 
dose of anti-CD3 (SO n^nH), veiy high titers of IL-2 were 
secreted (maximum ^.ODOUAnl) with a very low level of 
anti-CD28. Eadi fibroblast provided some costinmlation at 
a high and intermediate anti-CD3 dose, although even at 
tiie highest antl-CD3 dose, the single-expressing fibro- 
blasts were much less effective in terms of the levels of 
IL-2 obtained than were the double-expressing fibroblasts, 
as seen previously using the peptide Ag (see Fig. 2). Un- 
like the B7-1 expressing fibroblast. mi-CD28 mAb was 
able to induce high levels of IL-2 production by naive T 
cells. This may be due to higher avidity of anti-CD28 mAb 
for CD28 or to the high density of CD28 crosslinkiiig 



achieved. As it is difficult to correlate different levels of 
CD3 cross-linking with antigenic stimulation, a dose-re- 
sponse analysis of peptide concentration is shown in Fig- 
ure 6. 2.5 X lO* T cells were cultured with 1.25 X 10* 
APC expressing ICAIM-1, B7-1, or ICAM-1 and B7-I, 
and varying oonoentrations of PCCF added to cultures. 
Proliferation and IL-2 production were measured. Under 
these conditions, the amount of costimulation provided is 
constant, with only the TCR signal varying. As seen pre- 
viously with anti-CD3, maximal lL-2 production and pro- 
liferation were seen only with the highest PCCF dose, 
whatever AFCs were used. For a particular dose of Ag, the 
cell lines expressing both molecules gave the best re- 
sponse, as seen in Figure 2. When APC expressing only 
MHC dass II molecules were used, no response was seen. 
The results demonstrate that both the magnitude of the 
response and the lequiremoit for oostimulalion depends 
on the intensity of the TCR signaling, and that activation 
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is a balance between TCR signaling and oostimulatory 
molecule signafing, with less costimulation required when 
the TCR signal is strong. 

Discussion t 

We have investigated the effects of two distinct costtmu- 
latory interactions on naive CD4 T cell cytokine pnxhiC' 
lion and proliferation in response to Ag and to anti-CD3. 
Using fibroblast "surrogate" AFC expressing B7-1, 
ICAM-1, or both molecules, we find that B7-1 or lCAM-1 
individually can provide effective costimulation but that 
together they synergize to give maximum T ceU activation. 
We also demonstrate that the level of costimulation re- 
quired depends on the strength of TCR-mediated stimula- 
tion, with less costimulation required when TCR signaling 
was hi|^. 

When a naive T cell encounters Ag, several quite dis- 
tinct outcomes can occur: proliferation, cytokine secretion, 
and differentiation into effector cells, inactivation, or death 
or no response to the signal. Which outcome occurs may 
in most physiologic situations be determined by whether 
appropriate costimulalory signals are delivered to the re- 
ading T cell (32). It is now widely accepted that the B7 
molecules (both B7-1 and B7-2) are inqwrtant costimu- 
latoty molecules that interact with the CD28 counterre- 
ceptor on resting CD4 T cells and with crLA-4 and CD28 
on activated T cells (10, 22, 33, 34). Particular emphasis 
has been phiced on the CD28:B7 interaction and numerous 
reports have stressed the importance of CD28 for positive 
T cell response (see reviews in Refs. 7 and 35). It has also 
been recently sh^ by Freeman and colleagues (10), us- 
ing murine and human B7-1 and B7-2 transfected COS 
cells, that each molecule can provide costimulatoiy signals 
on its own. A recent study of human T cells showed that 
B7-1 and B7-2 provide similar costimulatory signals for 
T cell proliferation and cytokine production (36). Our data 
now indicate that the B7 pathway is strongly costimulatory 
for naive T cells using either the B7-1 expressing cell line 
(Figs. 2-6) or anti.CD28 mAb (Fig. 5), and using stimu- 
lation with peptide Ag, as well as anti-CD3. 

As well as costimulation, another role of cell surface 
molecules is that of adhesion. Cell adhesion molecules 
could promote signaling via the TCR by increasing the 
strength of cell-tell uiteraction, thus promoting TCR-li- 
gand interaction rather than triggering separate intracellu- 
lar signal transduction cascades. CD28 triggering is 
thought to be especially involved in induction of lL-2 (7- 
10). In contrast, the ICAM-l-integrin interaction has been 
focused on primarily as an adhesive event (37) that might 
increase responsiveness by promoting the interaction of 
TCR with peptide/MHC ligand or other costimulatory 
molecules with their countcneceptors. However, recent 
evidence suggests that integrins sudi as LFA-1 on T cells 
might transduce signals as well as participate In strengft- 
ening the adhesion between Ag-respoosive cells and AFC. 



Studies with human T cells stimulated by anti-CD3 as a 
TCR signal show that biochemically purified ICAM-1 
(13), soluble fiision protein of ICAM-1 (Ig chimera of 
ICAM-1 (14)), or anti-LFA-l (CDlla) mAb (38) provide 
a costimulatory signal for resting T cell proliferation and 
lL-2 production (although IL-2 production was sometimes 
very low). A recent study from Nadler and colleagues 
(39)» using fibroblasts transfected either with ICAM-1 or 
B7-^l, showed that B7-1 and ICAM-I were equally potent 
costimulators of alloreactive T cell proliferation, but that 
IL-2 production was detectable in the presence of B7-1 
only. In the mouse, the data is more indiiea for a costimu- 
latory role for ICAM-1:LFA-1 interaction. It has been 
shown that cottansfection of ICAM-1 and HLA-DR re- 
constitutes a human Ag-presenting cell function in mouse 
L ceUs (40) and inhibition of the 1CAM-1:LFA-1 pathway 
can prolong murine allograft survival (41). Very little is 
known concerning the precise role of ICAM-1 in Ag-in- 
duced responses of naive CD4 T cells. Most studies use 
resting T cells that include both naive and memory pop- 
ulations and use anti-CD3 or mitogen rather than Ag stim- 
ulation. This may give misleading results, as we have 
shown that memory CD4 T cells have different activation 
requirements than do naive C04 T cells, requiring less 
costimulation for optimum response and giving modest 
response in the absence of costimulation (25, 27, and 
C. Dubey and M. Qrofi, manuscript in preparation). 

In our experhnents, we have used a transgenic mouse 
model from which we obtain a homogeneous source of 
naive Ag-speciflc CEM T cells (24). The fact that these 
cells are not contaminated by activated cells or memory 
cells is confirmed by the results obtained with anti-CD3 
alone, which does not induce any activation of this popu- 
lation (Figs. 4 and 5). The present study using fibroblast 
cell lines transfected with ICAM-1 as a source of costimu- 
lation provides strong evidence that ICAM-1 acts as a 
classic costimulatory molecule in addition to its adhesion 
effect. Several lines of evidence support this conclusion. 
First, the cell line expressing ICAM-1 only (ICAM-1* 
B7~), which expresses no other known costimulators in- 
cluding LFA-l, HSA, CD48, VCAM-1 or VLA-4 (data 
not shown), is able to induce naive T cell activation (pro- 
liferation and IL-2 production) when either Ag or anti- 
CD3 is used as a TCR signal (Figs. 2-6). The costimula- 
tory ability of the ICAM-1 fibroblast is similar in 
magnitude and pattern to that observed with the B7-1 
only- expressing cell line. Second, when the cells express- 
ing both ICAM-1 and B7-1 are used as costimuli, addition 
of anti-LFA-l or CTLA4-Ig to block the LFA-1 :ICAM-1 
and B7:CD28/CrrLA-4 pathways inhibits the response by 
50%, whereas simultaneous blockade mduces complete in- 
hibition at low cell numbers (Fig. 3). Finally, the cells 
expressii^ only class II molecules and neither lCAM-1 
nor B7-1 do not activate naive T cells. (Figs. 2, 6). Hiis 
indicates that in our model no molecules other than 
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ICAM-1 and B7-1 are effective in inducing T ceil re- 
sponse and supports the interpretation that ICAM-1 can 
costimulate quite effectively in the absence of B7-1 or 
other costimuli. Thus, it seems likely ttiat ICAM-1 does 
not act only by enbancing the CD28-B7 pathway when 
both molecules are coexpressed on the same AFC. 

ICAM-1, if acting as an adhesion molecule, most likely 
would function by enhancing the TCR-ligand interaction. 
It has been estimated that anti-CD3 is at least lOOO-fold 
more avid than interaction of peptide-MHC withTCR (42); 
therefore, any adhesion effect would be expected to be 
seen primarily in the* case of peptide-roediated CD4 acti- 
vation when TCR-peptide/MHC avidities are low. It is 
particularly significant that immd^ilized anti-CD3, even at 
a high dose (50 pig/ml), did not induce naive T ceU acti- 
vation (Figs. 4 and S), but that response was seen if the 
ICAM-1 expressing fibioblast was added (Figs. 4 and 5). 
Thus, the fact that lCAM-1 stimulation was observed with 
immobilized anti-CD3 suggests that this was a costimula- 
tory role rather than increased efficiency of anti-CD3 mAb 
presentation caused by enhanced adhesion. In the case of 
Ag presentation, it is likely that both adhesion and co- 
stimulation were involved in the responses seen. 

Our studies suggest that optimum naive T cell responses 
require a high level coslimulation only, provided by the 
combined action of multiple cell surface molecules. A 
high level of dependence on multiple costimuli explains 
why some APC, such as dendritic cells and activated B 
cells (which express many accessory molecules; Refis. 11, 
18-20), can activate naive T ceUs efiidently, while other 
professional APC, such as macrophages and resting B 
cells are insufiicieot (24, 25, 27). Reinforcing the potential 
importance of lCAM-1 and B7-1 together, we have found 
that the ICAM-l and B7-l-expressing cell line (ICAM-1* 
B7*) is on a cell-cell basis as good as, if not better than 
dendritic cells at stimulating naive CD4 T cells (M. Qofi, 
unpublished observations and Ref. 24). In addition, a re- 
cent study by Pearson and colleagues (18) ^monstrated 
that in an allogeneic MLR with dendritic cells, as APC, 
addition of anti-ICAM-l, or CTLA4-Ig, induced a partial 
inhibition of T cell proliferation, whereas simultaneous 
blockade produced near complete inhibition. This suggests 
that the two pathways described here are those used by 
dendritic cells in their role as activators of T cells. The 
synergism between costimulatory molecules is highlighted 
by other studies. In humans, Damle and colleagues (33, 
34) suggest that costimulation of resting CD28* 
CTLA-4- T oeUs by integrins (ICAM-lA.FA-1) induces 
the surface expression of CrLA-4 on (he T ceils. This may 
result in an enhancepent of the ability of T cells to re- 
spond to 87, as CrLA-4 synergizes with CD28 to aug- 
ment T cell proliferation. Other costimulators also seem to 
cooperate in resting T ceU activation, for instance, B7 and 
HSA («), B7 and ICAM-1 (44, Fig. 2) and within the B7 
fiunily between B7-1 and B7-2 (18). Syneigy has also been 
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seen between some recqitors present on the T cell surface as 
0)28 and CTLA-4 (33, 34). 

Our data also show that the dependence of naive T cells 
on costimulatory molecules can vary with the strengh of 
TCR signaling, with much less costimulation required 
when the TCR stimulus is increased (Figs. 4 and S). This 
is a density (or crossiinking) effect, since stimulation with 
low doses of anti-CD3 (which nonetheless is high affinity) 
requires high levels of costimulatory signals, whereas high 
doses result in optimal response with much lower levels of 
costimulators (Fig. 5). Furtbenmore, high doses of anti- 
CD3 or Ag huhiced a better response (Figs. 5 and 6). This 
could explain some of the apparent discrepances seen 
among several reports which analyzed either Ag-, alloan- 
tigen-, or polyclonal-induced responses. However, even 
for a strong TCR signal, the lCAM-1- or 37-1 alone-ex- 
pressing cell was far less efficient than was the ICAM-1 
and B7-t-expressing cell with a weak TCR signal. This 
suggests that although TCR signal is necessary, in terms of 
optimal response, costimulation signals are as critical as 
the TCR signal in cnd)ling response. 

An interesting aspect of the data is that, in many in- 
stances, substantial proliferative responses were obtained 
even when little or no IL^2 could be recovered from the 
medium (Pigs. 2, 4, and 6). This is likely to be due to 
several factors. First, IL-2 may be rapidly consumed dur- 
ing the naive T cell response. Although some consumption 
is possible, it should be noted tiiat in these studies, super- 
natants were harvested at 36 h just as the T cell prolifer- 
ative response was getting underway. This implies thai 
maximal proliferation of naive T cells is achieved even at 
levels of IL-2 production far below those that can be achieved 
with good costimulation. The prQliferalion we assessed was 
that which occurred between 48 and 64 h. It is thus possible 
that the higher levds of ILr2 are required to «istam (he Tcell 
response for kmger periods of time, whereas that initial pto- 
tiferation is sustained at veiy low levels of IL-2. Indeed, 
blocking die 11^2 praduoed, by addmg Abs to 11^2 or 1L-2R^ 
chain, almost completely inhibited naive T cell proliferation 
in refuse to the pqitide Ag, even under conditions where 
very low levels of IL-2 were detected (data not shown). The 
high costimulation reqwrements for peak ILr2 production re- 
inforce the hypodiesis that the role of costimulation is pri- 
marily to achieve cfScient cytokine production rather than to 
provide other signals required for resting T cell response, 
such as cell cycle entry, IL-2 receptor exjHession, and the 
ability to undergo division in respoox to 11^2. The separate 
control of the different aspects (rf cdhilar response fanrolved 
in the expansion of naive T cells and their evoitual differen- 
tiation into effector and memory populations may suggest 
the existence of important control points in die overall 
development of immune responses, whose significance is 
as yet unappreciated. 

Our data, together with tiiat of other investigatons, sug- 
gest that the two ugnal model of lymjAocyte activation is 
an oversimplification. The process of naive CD4 T cell 
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activation is in fact highly complex and involves integm- 
tion of many signals that determine its outcome. It appeals 
that features of the Ag^R interaction (density in partic- 
ular), cytokine availability, and the relative density of sev- 
eral distinct costimulatory molecule/receptor interactions, 
which may synergize with each other, are all integrated by 
the T cell during its activation for cytokine secretion and 
proliferation. Moreover, our studies support a central co- 
stimulatmy role, in addition to its adhesive role, for 
ICAM-1 on APC interacting with LFA-1 on T cells in 
naive T cell activation and stress the importance of mul- 
tiple costimulatory signals for efficient response, particu- 
lariy for optimum IL-2 production. 
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Role of CD28-B7 Interactions in Generation and Maintenance 
of CDS T Cell Memory 



M. Suresh,^** Jason K. Whitmire,^* Laurie E. Harrington,* Christian P. Larsen,^ 
niomas C. Pearson,^ John D. Altman,* and Rafi Ahmed^* 

AUuHigh OurOiett CD2B-B7 interaction in tiie activation of naive T cdls is weU ertaliKsiied, its importance in tlie gennation and 
maintenance of T cell memory is not weU nnderstood. Li tliis stady, we examined tiie requirement for CD28-B7 interactions In 
primary T ceU activation and immnne memory. Ag-spedfic CDS T ceU respoises were compared I»etween wQd-type (+/+) and 
CD28-dcficient (CD28-'-) mice foliowing an acute infection witli lymphocytic dtoriomeningitis vlrns (LCMV). Dnring tlie pri- 
mary response, tliere was a sniistantial activation and expmrion of LCMV-spedfic CDS T cells in botii and CDZr'- mice. 
However, the magnitude of the primary CDS T odi response to both domtaant and subdombiant LCMV CTL qiitopcs iras ~2- 
to 3-rald lower in CD28-'- mice comporvd with +/+ mice; the lack of CD2S-mediated costfannlation did not lead to preferaitial 
suppresslcm of CDS T cell responses to die weaker snbdominant epitopes. As seen hi dttS"'" mice, blockade of BTnttediated 
costimulation by CTLA4.Ig treatment of +/+ mice also resulted In a 2-rold reduction in the anti-LCMV CDS T cell responses. 
Loss oi CD28/B7 interacticms did not significantly affect tlie generation and maintenance of CDS T cell memory; the magm'tude 
of CDS T cell memory was -2-fold lower in CD28"'~ mice as compared with +/+ mice. Further, in CD28-'- mice, LCMV- 
spcdflc memory CDS T oills showed normal hraneostatic proliferation In vivo and dso conferred protective immunity. Therefore, 
CD28 signaling is not necessary for tbe proliferative renewal and maintenance <rf memory CDS T cells. Tkt Journal oflmmu- 
nologf, 2001, lti7: 5565-5573. 



Currently, there is a general consensus that effectwe acti- 
vation of naive T cells requires two signals: one depen- 
dent on the engagement of the TOR by pq)tide-MHC 
complexes, and the second costimulatoiy signal that is provided by 
interactions between cell surfece molecules on the T cell and tbe 
APC (1-4). Numerous studies have imficated that the CD28 mol- 
ecule, expressed on T oelte, provides a potent costimulatoiy signal 
fbliowing engagement with its iigands, B7-1 and B7-2. Costimu- 
lation via CD28 can regulate both proliieration and apoptosis of 
activated T cells. It has been demonstrated that CW.WB7 interac- 
tions are dispensable for initiating early T cell proliferation, but are 
necessary to sustain late T cell proliferation (5). The lacic of late 
proliferation in the absence of CD28 signaling was associated widi 
increased T cell apoptosis (6). These data suggested that CD28/B7 
interactions, in addition ito facilitating the initiation of T cell re- 
sponses, may be important in regulating long-term T cell survival. 
This notion is supported by studies showing that CD28 ligation 
increased T cell survival liy up-regulating the antiapoptotic gene, 
BcI-Xl. and absence of CD28-mediated signaling was associated 
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with low levels of Bcl-Xt, (7, 8). Taken togedier, these findings 
establish a precedent that CD28 signaling may {day an important 
role in the survival of memory T cells and in the generation of 
protective immunity. 

Many acute viral infections in humans and mice elicit potent 
CDS* T cell responses that are instrumental in clearing vitus from 
the tissues. The requirement for CD28/B7 interactions in eliciting 
anti-viral CDS* CTl. responses has been examined in several 
models (9-14). Interactions between CD28 and B7 are obligatory 
to generate optimal CDS* CTL responses following influenza and 
vesicular stomatitis virus (VSV)* infections (10, 1 1). In contrast, 
CD2S/B7 interactions are not essential to elicit primary CDS* 
CTL responses following vaccinia vims (W) and lymphocytic 
choiiomeningitis vims (LCMV) mfection (9-10. 12-13). CDS* T 
cell responses during viral infections ate (Urected against dominant 
and snbdominant epitopes. It has been repotted that CD28 defi- 
ciency did not affect the activation of CDS T cells directed against 
the dominant CTL epitopes during LCMV infection in mice (9, 
13), However, the role of CD28/B7 interactions in activation and 
expansion of subdominant vs dominant epitope-specific CDS T 
cells is not known. Also, the requirement for CD28 signaling in the 
g»ieration and mamlenance of long-term T cell memory is 
mclear, 

Infection of immunocomp^t mice with die Armstrong strain 
of LCMV (LCMV-Ann) elicits a potent CDS T cell response diat 
eliminates vires virithin 8-10 days (15-17). The generation of pri- 
mary and-LCMV CDS T cell response is not dqiendent eidier on 
the presence of CD4 T cells (IS, 18) or B celk (16). The CDS T 
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cell response to LCMV is directed against well-characterized dom- 
inant and subdominant epitopes (19-20). Fiuthennore, the tech- 
niques of intracellular cytokine staining and MHC class 1 tetramers 
allows precise quantitation of CDS* T celts specific to multiple 
epitopes of LCMV within the same mouse (9, 13, 20). These fea- 
tures of the LCMV-specific T cell response allowed us to ask the 
following questions in this study: Is diere a differential requirement 
for costimulalion in LCMV-specific CDS T cell responses against 
dominant and subdominant CTL epitopes? Is CD28/B7 interaction 
required for the generation and maintenance of T cell memoiy? 
What is the role of CD28/B7 interafctions in regulating homeostatlc 
jM^oliferation of memoiy CDS T cells? To address these questions, 
we compared LCMV-specific CDS T cell responses between wild- 
type and CD28-deficient (CD28~'-) mice. Our studies re- 
vealed that the generation of primary LCMV-specific CDS T cell 
responses (against dominant and subdominant epitopes) does not 
lequire CD28 signaling. The generation imd maintenance of CDS 
T cell memory against iMth dominant and subdominant epitopes 
was unpettuibed under conditions of CD28 deficiency. Also, loss 
of Cn28/B7 interactions did not affect the homeostatic prolifera- 
tion of LCMV-specific memory CDS T cells. 

Materials and Methods 

Mice 

C57BU6 (H-2'') mice v 

Harbor, ME). The I „ , ^ 

experiments were laeafed by targeted gene disruption, which abrogates 
surface expression of the CD28 (12). The C57BU6 LCMV carrier colony 
was establidied and ind at Emoiy Universi^ (Atlanta. OA) as described 
previously (20). Spleen cell pnparalions bom these mice contain LCMV- 
infecied cells that present viral Ag iriA boA MHC daas I and H molecules, 
but lack LCMV-specific T celU. 

Tims 

LCMV-Am was used in these snidies for infection of mice (21). Mice 
were in&cted widi LCMV-Ami by i.p. iqection (2 X lO^ PFU/mouse), To 
mosuie protective inumiaily, LC^-imnume mice were chaflenged with 
10- PFU of LCMV-Aim (intracranial (i.c.) infection) or 2 X 10*^ PFU of 
LCMV-clone 13 0-v. injection; 15-17, 21). Infectious vims in senmi and 
tissoes was quamltated by plaque assay on Vera ceU monolayen as pre- 
viously described (21). 



scribed previously (20). Spleen celU were surftce stained with either FTTC- 
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Determination cfthe LCMV-specific Clip frequency 
CTLp fiequency was determined by a limiting (Blulion assay as described 
previously (15-17). Spleen cells from LCMV-immiuiized mice were cul- 
nired in graded doses in 96-well flat-bottom plates (12 wells per dose). 
Syngeneic feeder spleen cells (8 X 10') fiom uninfected mfce and synge- 
neic stimulator spleen cells (2X10') from LCMV carrier mice were ir- 
radiated (1200 rad) and added to each well. Recombinant human IL-2 was 
purchased Snom BD PharMingen (La JoUa, CA) and was added at a final 
concentration of 50 U per ml. After 8 days, die contents ftam each well 
were split to test CTL activity against LCMV-infccted and uninfected 
MC57 targets in a 6-h •'"Cr-release assay. 

Flow cytometry ( 

The number of CDS T cells ui the spleen and lymph nodes was determined 
by slaming with specific mAbs foUowed by FACS analysis, as previously 
described (16. 20). For FACS analysis, P&conjugated anti-CD8a (53-6.7). 
and Frrc-conjugated ami-mouse CD44 (IM7) were purchased ferni BD 
~ ■ ■ d by the 



Visualization of LCMV-specific CDS T cells by MHC I telramer 
staining 

Construction of die MHC I D*" tetramets that contain die LCMV CTL 
epttope pepddes nucleoprotein (NP) 396-404 or gp33-41 has been de- 



MHC I tetramer for I h at 4°C. Spleen cells from uninfected mice were 
always stained in parallel with cells from infected mice as a negaUve con- 
trol. To analyze CD28 expression on LCMV-specific memory CDS T cells, 
single cell suspensions of splenocytes were stained with anti-CD8. and- 
CD2g (BD FhaiMingen). and MHC I teUameis. followed by three-color 
flow cytome&y. 

QuanlitMion qf T ceil responses by intmcelluktr staining far 
IFN-y 
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the specific peptide was done as described previously (20). Spleen cells 
were uicubated ui vitro for S h at 37'>C in medium containing bicfeldin A 
and recombinant human lL-2 (50 U/ml). Celb were either left unstimulated 
during die cultuic period or were sdmutated with MHC class I-ieslricted 
epitope peptides. After die UKUbation period, die cells were surface stained 
for CDS using aHopbycocyanin- or PE-conjugaled Abs and were dun 
Stained mitacellulariy widi anti-IFN-y-FTTC vsuig die Cytc«fixA:ytopenn 
kit firom BD PharMingen. Generally, detection of LCMV-specific CDS T 
cells by ehher imracellular cylokme stabling or MHC class 1 letrameis 
SCHO. 
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iTcells 



Vinis-speciiic T cell responses were measured by EUSPOT assay as de- 
scribed previously (20). The capture Ab, anti-mouse IFN-y (el<Me R4-6A2) 
and detection Ab, biodnylated anti-mouse IFN-y (clone XMG1.2) were 
purchased from BD PharMingen. The ELISPOT plates were purchased 
fiom Mill^xHc (Bedford, MA). MHC I-restricted peptides LCMV Nr>^ ^, 
gp33-4l, or gp276-286 were used to stimulate CD8 T cells. Uninfected 
spleen cells contahl IFN-7-producing cells at a fiequency of <2 per lO" 
cells witti or without stimulaUcm. Quantitation of LCMV-specific CDS T 
cells by intracellular cytokine stainmg or ELISPOT gives comparable re- 
sults (20). 

S-Bromo-2'-deoxyuridine (BrdU) incorporation studies 
To monitor pndifeiatian of LCMV-specific memoiy CDS T cells in vivo, 
LCMV-imroune mice were given BidU in drinking water (0.8 mg/ml) Ibr 
8 days. After the BrdU pulse, splenocytes were isolated and stained with 
arti-CD8 and anU-CD44 or fluoiochiome-labelcd MHC I letiamers. Fol- 
lowing surface staining, cells were stained with ami-BrdU Abs, as de- 
scribed previously (20). Flow cytometry and data analysis were performed 
as described above. Spleen cells fi<am mice diat were not exposed to BrdU 
were always used as negative canuils for BrdU staining. 

CTLM-lg treatment In v»vo 

The CnLA4-Ig fiisnn piotdn used ui dus study was provkied by Brslol- 
Myers SquOib (New York, NY) and has been described elsewhere (22-24). 
CTLA4-Ig is a fiisum ptotdn diat contains die extracellular domain of 
CTLA4 and is fiised to die C y region of human Ig. The human Ig connol 
Ab was purchased from BD PharMingen. CTLA4-lg was hgected i.p. at a 
dose of 200 Mg/moaseiinjecdon on days 0. 2, 4. and 6 relative to infection 
witii LCMV-Atm. 

Results 

Primary CDS Tcell responses in the absence of CD28-B7 
interaction 

We determined the role of CD28/B7 interactions in geneiating 
primary CDS T cell responses by comparing the CDS CTL re- 
sponses between +/+ and CD28-'~ mice following an acute in- 
fection with LCMV-Arm. On day g postinfection (PI), we quan- 
titated Ute direct ex vivo MHC class I-restricied LCMV-specific 
CDS CTL-mediated cytotoxicity in the spleens of +/+ and 
CD28 ' mice. Consistent witti previous reports (iO, 12), ihc 
LCMV-specific qjtotoxic activity in the spleens of CD28"'" mice 
was comparable with diat of +/+ mice (Fig. 1). These data show 
tital generaticHi of LCMV-specific effector CDS CTL tespoase is 
not dependent upon CD28/B7 interactions. CD28~''- mice cleared 
LCMV by day 8 PI similar to +/+ mice (data not shown). 

Activatedtaemoty CDS T cells express elevated levels of CD44 
(CD44'""*). TTie activation and expansion of CDS T cells foUowlng 
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FIGURE 1. LCMV-spedfic CTL responses in CD28-deficiem mice. 
Spleen cells were isoUted from LCMV-inf«cted +/+ and CD28-'- mice 
on dsy 8 PI. and MHC class I-icstricted CTL activity was measured in a 
"Cr release ass^ using uninfected (Uninf.) and LCMV-iniiBcted (Inf.) 
MC57 cells as targets. 



LCMV infection was determined by flow cytometiy after staining 
spleen cells from +/+ and CD28"'~ mice for CD8 and CD44. As 
seen in the +/+ mice, ttiarc was a stioiig activation of CDS'*" T cells 
in the spleens of CD28~'~ mice, "nie total number of activated CDS 



T cells in the spleens of CD28"'~ mice was -2-fold lower as com- 
pared with +/+ mice (Rg. 2a). Uninfected +/+ and CD28~'- mice 
showed no (fifietences in the total number of naive or activated cue 
T cdls (data not shown). We next petfixmed more precise analysis of 
the activation and ecpansion of ijCMV-specific CDB T cells using 
MHC class I tetiameis bearing the LCMV NPCTL qiitqw peptide, 
NP3!«_404. On the day 8 PI, spleen cells fiom LCMV-infected +/+ 
and CR28~'~ mice were stained with anti-CD8 Abs and fluono- 
chrom&^abeled MHC class I (D^ tetiamets fdlowed 1^ flow tryto- 
mettic analysis. Rqwesentative FACS proaes of staining for CDS"^ 
tetramer-binding cells are shown in Fig. 2b. As ^wn in Fig. 2b, the 
relative proportions of NP^^g.^-specific cells in the spleens of 
CD28~'" mice was lower compared with +/+ mice, On day 8 PI, flw 
spleens of +/+ and CD28"'" mice had 12-18 X 10'' and 6-9 X 10^ 
NP396-404-sp«:ific CD8 T cells, respectively. Allhou^ high numbeis 
of NP39«-404-specific CDS T cells were generated in CMS"'- mice, 
the overall magnitude was --2-fold lower compared with +/+ mice. 
Similar resulu were obtained foUowit^ staining with MHC class I 
tettamets specific to the other LCMV immunodominant epitope in Ihe 
vital glycopiDtein, gp33-41 (data not shown). Hm effect of B7-CD28 
blockade was also examined in mice treated with CaA4-Ig. 
TiealmeM of +/+ nik» widi CTLA4-Ig blocks B7 iitteractions, and 
this reagnit has been shown to bkick alloantigen-uiduced T cell re- 
sponses and ceitam allograft reactions (22-24). The total number of 
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nGURE 2. Expansion of LCMV-specific CDg+ T cells in CD28-'- mice, a. To monitor activation of CDS T cells, 8 days following infection with 
LCMV, spleen cells from +/-^ and CD28-'- mice were stained widi anti-CD8 and anti-CIW Abs and were analyzed by flow cytometry. Naive CDS T 
cells are dW"* and activated/memoty CDS T cells are am"^. ^ On the eighth day after infectit», the niunber of LCMV-specilic CDS T cells among 
splenocy ICS was determined by staining widi anti-CD8 Abs and NPjns-m teftamets. The flow cytometry plots are gated on spleen cells based on forward 
and side scatter. The numbeis represent percentages of tetramer-binding CDS T cells among total spleen cells. Numbers in parenflieses represent percentages 
Of tetramer-binding ceils of total CDS T cdBs. c, and mice were in£Kttd with LCMV-Ami, and BT-medialed coslimulalory interactions in +/+ 
mice were Mocked by treatmem wSh Cn.A-4-Ig as described m Materials and Methods. On day 8 PI, dw total number of NPj,j.«H-sp«ific cells in the 
spleens of LCMV-inifected +/+ and -/- mice was deteimmed by staining widi D** NP»g^ tetnuners. 
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NPjse^-specific CDS T cells was reduced in +/+ mice tieated 
vnOi CILA4-Ig to levels simUar to CD28-'- mice (Rg. 2c). 

Role ofCim-B7 interactions in activation of CDS T cells 
specific to dominant and subdominant epitopes 
The MHC class I-restricted LCMV-specific CDS T cell epitopes 
can be divided into dominant and- subdominant epitopes. In H-J" 
mice, the dominant epitopes are NPj^.j,^ and gp33-41. and die 
subdominant epitopes are gp276-286, NP^os^^^, and gp92-10I 
( 1 9-20). It was of interest to detetmine the requirement for CD28- 
mediated costimulation for optimal activation of CDS T cells, spe- 
cific 10 dominant epitopes vs the wealcer subdominant epitopes. 
The epitope-speciflc CDS T ceU reuses in +/+ and CD28"'- 
mice were analyzed by intracellular staining for IFN-y on day 8 PI 
(Fig. 3). Upon LCMV-Arm infection, CD28"'- mice mounted 
readily detectable CDS T cell responses to both dominant and sub- 
dominant epitopes. At the peak of immune response, the total num- 
ber of CDS T cells specific to all the epitopes was ~2-fold lower 
in the CD28~''' mice compared with +/+ mice. A previous study 
has indicated that CDS T cells specific to the immunodominant 
epitopes undergo cell division -15 times during the expansion 
phase of the anU-LCMV T cell response (20). TTierefore, a 2-fold 
reduction in the number of LCMV-specific CDS T ceUs in 
CD28-' mice may reflect one less cell division as compared with 
+/+ mice during the proliferation phase of the CDS T cell re- 
sponse. In summary, these data suggested that followii^ an acute 
LCMV infeaion, the activation of CDS T oeUs specific to both 
dominant and subdominant eiMtopes is largely independent of 
CD28-mediated costimulation. Furthermore, these data show that 
flie development of CDS T cell effector (imclions, namely cell- 
mediated cytotoxicity (Fig. I) and production of IFN-7 (Fig. 3), 
did not require CD28 signaling. 

Generation and maintenance cfCDB T cell memory in the 
absence ofCD28-B7 interactions 

Memory CDS T cells'in humans exhibit heterogeneity with respect 
to CD28 expression; only a subpopulation of memory CDS T cells 
in humans express CD28 on their surface (25-29). Although it has 
been shown that all murine T cells express CD28 constitutively 
(3), the expression of CD28 on Ag-^pecific memory CDS T cells 
has not been studied. We examined the expression of CD28 on the 
surface of LCMV-specific memory CDS T cells by flow cytom- 
etry. As illustrated in Fig. 4, LCMV-spedfic memory CDS T cells 
expressed readUy delectable levels of CD28 on their surface with 




FIGURE 4. CD28 Expression on LCMV-specific memoty CDS T cells. 
Groups of -^/+ and CD28-'- mice were infected with LCMV-Arm, Sixty 
days following infection, splenocytes were stained with ami-CD8, anti- 
CD28. and MHC class I tetramefs (specific to the LCMV CTL epitqjes 
Np396-*)4 and gp.^3-41), and were analyzed by flow cytometry. The his- 
tograms shown in the figure are gated on tetramer-binding CDS T cells. 
The bold and the broken lines in the histograms represent CD28 staining on 
LCMV-specific memory CDS T cells bam +1+ and CD28-'- mice, re- 
spectively. Data are representative of studies using six mice/giDUp. 



little or no heterogeneity. Currently, it is not known whether 
CD28-B7 interactions are necessary to maintain CDS* T cell 
memory. To examine die role of CD28-B7 imeractions in gener- 
ating LCMV-specific CDS T cell memory, CD28-'- mice were 
immunized with LCMV-Arm, and memory CDS T cell responses 
were analyzed by IFN-y HLISPOT assay at various time points 
after infection. Fig. 5 shows the kinetics of LCMV-specific CDS T 
cell response in +1+ and CD28'"'- mice, As shown in Fig. 5, the 
peak of LCMV-specific CDS T eel! response was attained on day 
8 PL which was followed by a contraction/down-regulatory phase 
(days S-15 PI). During the contraction phase of the T cell re- 
sponse, the magnitude of loss of LCMV-specific CDS T cells in the 
CD28~'" mice was comparable with that of +/+ mice. Approx- 
imately 90% of the LCMV-specific CDS* T cells were lost (20X 
presumably by apoptosis (30) during the contraction lipase in both 
+/+ and CD28-'- mice. There is evidence tiiat activation in Ihe 
absence of CD28.mediated costimulation may lead to T cell apo- 
ptosis in vitro (6). However, the data shown in Fig. 5 suggested 
that in vivo, lack of CD28-mediaied costimulation did not lead to 
an exaggerated death phase of LCMV-specific CDS T cell re- 
sponse. Hie contraction phase of die CDS T cell response is fol- 
lowed by the phase of memory, when a stable pool of memory T 
cells are maintained indefinitely. Analysis of LCMV-specific CDS 
T cell responses revealed that die number of memoiy cells was 
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FIGURE S. CDS T cell raemoiy in CD28~'~ mice. On the indicated 
days postinfection with LCMV-Ann, the nimiber of LCMV-specific CDS 
T cells in die spleens of +/+ and CD2a"'" mice were determined by 
IFN-7 ELISPOT. Spleen cells were stimulated separately widi NFj^.^oi, 
gp33-41, and gp276-286 peptides; the total number of IFN-rproducing 
cells responding to each of th^ epitqies was atUed. The backgrouiid from 
unsUmulaled weUs (vbieh was v«ty small) has been subuactcd. The dotted 
Itee represents the limit of defection of die assays. The eitarbms lepiesent 
the SDs. The data an die mean oflhiee to five mice/gnMip at each time 



~2-fold lower in CD28-'- than in +/+ mice. However, this did 
not change over time and the lower number of CDS memory T 
cells in 0028"'- mice most likely reflected the 2- to 3-fold lower 
expansion seen in these mice during the acute phase of the CDS 
response (day 8). These data were confirmed by quantitating the 
number of LCMV-specific CTL precursors in the spleens of 
LCMV-immune +/+ aiid 0028"'- mice by limiting dilution 
analysis (data not shown). 

We also analyzed CDS T cell memory in +/+ and CD28~'" 
mice (292 days PI) using MHC class 1 tetramers. As shown in Fig. 
6a, consistent with published data, the spleens of LCMV-immune 
+/+ mice conuined high frequencies of memory CDS T cells 
specific to the immunodominant epitopes, NPj,^.^ and gp33-41 
(20). LCMV-specific memory CDS T ceUs were also leadily de- 
tected in the spleens of LCMV-immune CD28~'~ mice (Fig. 6a), 
and the ftequencies were comparable with those in +/+ mice- 
Memory CDS T cells specific to dominant and subdominant 
epitopes wete also quantitated hi the spleens of LCMV-immune 
+/+ and 0028"'" mice by staining for intracellular IFN-y. Data 
in Fig. 6& illustrate that irrespective of epitope specificity, the per- 
centages of memory CDS T cells in the si^eens of LCMV-immune 
CD28~'" mice were comparable with +/+ mice. Thus, B7-CD28 
interaction is not necessary to generate and maintain memory CDS 
T cells fi>llovring an acute LCMV infection. 

Activation threshold of LCMV-specific memory CDS T cells in 
ClXlS-deficient mice 

We examined the effect of CD28 deficiency on the activation 
threshold of memoiy CDS T cells in LCMV-immune mice. The 
activation thieshold of memoiy COS T cells (specific to both dom- 
inant and subdommant epitopes) was compare] between LCMV- 
immune and CD28"'~ mice by measuring IFN-y production 
as a liinction of the concentration of antigenic peptide. As shown 
in Fig. 7, in both +/+ and CD28~'~ mice, the number of IFN--y- 
producing LCMV-specif?c memoiy CDS T cells varied in a peptide 
dose-dependent fashion. As shown in Fig. 7, memory CDS T cells 
in CD2S~'~ mice exhibited a slight difference in the activation 
ic peptide dilution for three of the four ^itopes as 
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1 with +/+ mice; 0.0001 (*g/ml for NPj^.^, 0.001 
fig/ml for gp276-286, and 0.0001 iig/m\ for NP205-211. Taicen 
together, diese data suggest that lack of CD28/B7 interactions did 
not significantly affect the sensitivity of LCMV-specific memory 
CDS T cells to antigenic stimulation in vitro. Further, these data 
show diat memoiy CDS T cells generated under conditions of 
CD28 deficiency may not be qualitatively tUfletent as compared 
with memory CDS T cells Ifaat were generated in the presence of 
CD28«7 int 



It is well established that memory T cells undergo homeostatic 
proliferation, which is believed to be an important mechanism pro- 
moting survival by avoidmg cell attrition over time. Studies have 
indicated that cytokines lL-15 and lL-7 may be important for ho- 
meostatic proliferation of memory T cells (31-33). Although ho- 
meostatic prolifaaiion of memoiy CDS T cells is not dqiendent 
upon TCR/MHC interactions (34), the rote of costimulatoiy mol- 
ecules has not been examined. In this study, we detetmined the 
requirement for CD28/B7 interacdons in die homeostatic prolifer- 
ation of LCMV-specific memoiy CDS T cells. At 60 days PI with 
U:MV, and CD28 mice were given BtdU in drinking 
water for 8 days. At the end of die BidU pulse, die percentage of 
BrdU* cells among LCMV-specific memory CDS T cells was de- 
termined by flow cytometry. As shown in Fig. 8, 23% and 20% of 
CDS*CD44'"'* T ceils (activated/memory) incorporated BrdU in 
+/+ and CD28-'- mice, respectively. About 1.5-2% of naive 
CDS T cells (CD44''~') in both +/+ and CD28"'" mice incorpo- 
rated BrdU over a period of 8 days (data not Shown), Importantly, 
the percentages of BrdU* memory CDS T cells specific to two 
different LCMV CDS CTL epiu^ were comparable between 
+/+ and CD28~'^ mice. Further, blocking interactions between 
B7 and CD28/Cm.,A-4 molecules using CTLA-4-Ig fusion pro- 
teins did not affect die homeostatic proliferation of LCMV-specific 
memory CDS T cells (data not shown). Taken togedier, diese data 
suggest diat CD28/B7 interactions are not obligatoiy for homeo- 
static proliferation of memory CDS T celts. Also, the proliferation 
rate of memory CDS T cells was not affected by antigenic speci- 
ficity: vnthin the same mouse, memory CDS T cells specific to two 
different epitopes had similar proliferation rates in both +/+ and 
CD28"'~ mice. 

Protective immunity in CD2S-deficient mice 
T cell memory to LCMV infection is characterized by die ability 
of memoiy CDS* T cells to generate an accelerated response upon 
re-exposure, leading to viral clearance more rapidly than they do 
during the primary e^posu^e (17, 20), We examined protective 
immunity in CD28"'" mice using two challenge models: 1) pro- 
tection against a lethal i.e. infection and 2) protection against a 
persistent LCMV infection. Groups of +/+ and CD28~'" mice 
were immunized by i.p. infection with LCMV-Arm. To evaluate 
ixotection against lethal choriomenin^is, 33 days after immuni- 
zation, these mice were challenged with LCMV-Aim by i.e. in- 
jection. Naive +/+ and CD28""'" mice were infected with 
LCMV-Arm (i.e.) as controls. As shown in Fig. 9a, all of die naive 
+1+ and CD28~'~ mice succumbed to an i.e. LCMV-Arm infec- 
tion by 7-8 days postchallenge. In striking contrast, all of the 
LCMV-immune +/+ and CD28"'" mice were completely pio- 
tected against a lethal LCMV diallenge, and survived at least up to 
4 mo. The clone 13 strain of LCMV establishes persistent infec- 
tions in naive immunocompetent mice, which is characterized by 
low CTL responses and disseminated infection of several tissues 
(IS, 21). However, wfld-type mi(% diat have recovered from an 
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FIGURE «, Analysis of CDS T cell memray in CD2g-'- 



Two hundred and ninety-tv 



days following infection with LCMV-Arm, LCMV-specific memoiy CD8 T ceUs in flie spleens of +/+ and CD28-'- mice were qu<u.tinrted by staining 
witli MHC I tetramers. The flow cytometry profiles are gated on total splenocytes based on forwaid and side scatter piopeities. The numbere lepKsent 
percentage of tetnu»er-lnndmg CDS T celU anxmg sptoiocytes. Ntimbers m ,»iB.theses tepteseins pe«entages of let«mer-binding CD8 T cenHf^ 
CDS T cells in the spleen, ft, Two hundred and naiety-two days following infiKtion with LCMV-Aim. LCMV^^ifio memonr CDS T cells in die spleens 
of +/+ and -/- mice were quantitated by intracellular staining for IFN7 as desoibed in Mmenals md Methods. TTie numbers repiesent pc - 
IFN-7-pn)ducing CDS T cells among splenocytes. 



acute infection with LCMV-Arm are protected against a persistent 
infection with LCMV-clone 13 (17). To examine protective im- 
munity against a persistent LCMV infection, +/+ and CD28"'" 
mice that were previously immunized with LCMV-Aim (100 days 
PI) were challenged with 2 X 10* PFU LCMV-clone 13 hs i.v. 
Injection. Naive and CD28"'~ were also infected with 



LCMV-clone 13 for comparison. LCMV tiiw in flie senun was 
detennined 5 days after challenge with LCMV clone-13. Data in 
Rg. 9b show that both +/-(- and 0028"'- LCMV-immune mice 
had undetectable levels of infectious vims in the serum; senim 
ftom naive +1+ and CD2«"'- mice infected with LCMV-clone 
13 contained high levels of inEectious viras. In summary, these 



nCURE 7. Activation threshold of LCMV-q*- 
cific memory CDS T cells in CD28"'~ mfce. Sixty 
days after infection with LCMV-Arm, the activa- 
tion threshold of memoty CDS T cells was analyzed 
by innacellular stainmg for IFN-y following Stim- 
ulation with various LCMV CTL epitope peptides 
at the indicated c<Hicenfrstions. The results are ex- 



tained at a peptide concentration (saturating) of 1.0 
;xg/m1. Data are the means of ihiee m 
represents ode of two indqiendent ex 
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FIGURE 8. Hon 

days following infe 


leostatic proliferaHon of memoiy CDS T cdU. S 
rtion with LCMV-Aim, +/+ and 0028"'- mice w 



given BtdU in drinking water for g days, At the end of Brdlf pulse, spleen 
cells were stained widi anti-CD8, anti-CD44, and anti-BidU or anti-CD8, 
fluorochrome-labeled MHC class I tetrajners, and anti-BidU Abs. followed 
by three-color flow cytometty. a and A, Gated on CD8*CI>44"»^ cells, c-f. 
Gated on CDS* MHC class I telramer-binding cells. The numbeis repre- 
sent percentages of BrdU* cells among the gated cell population. The data 
are representative of analysis on four mice/gnxip. 



data provide convincing evidence that memoiy CDS T cells in 
LCMV-immnne CD28"'" mice confier protective immunity in 
both peripheral 0.c iniecUon with LCMV-Arm) and systemic (i.v. 
hifection with LCMV-clone 13) challenge experiments. 
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Discusdmi 

In this study, we examined the requirement for CD28-mediated 
costunulation in the activation and expansion of Ag-specific CDS 
T cells and muntenanoe of T cell memory during an acute vii^ 
infection. We show that the activation and expansion of LCMV- 
specific CD8 Tcells to both dominant and subdominant epitopes is 
largely independent of CD28-niediated costimulation. We also 
show that maintenance of LCMV-specific CDS T cell memoiy and 
protective immuni^ does not require CD28-B7 interactions. 

Ftevkms studies have documented that €028-67 interactions 
are not essential for generating primaiy LCMV-specific CTL le- 
sponses (9-13). These studies primarily examined CDS T ceU re- 
sponses qgamst dominant eintopes of LCMV. TTie present study 
confirms and extends these flndmgs. It is well established that CDS 
T cell responses during an acute LCMV infection aie diiected 
^inst dominant and subdominant ^itopes (19, 20). It U believed 
that the strengdi of TOR signalnig detmnines die requiiement for 
costimulation during T cell activation (3, 3S). Dominant epitopes 
most likely are presented at higher denuties on the cell surface, 
thereby delivering a potent signal through the TCR, obviating a 
need for costimulation. In contrast, activation of T cells by weaker 
subdominant epitopes may be costimulation dependent. To address 
this issue, we compared the CDS T cell responses to dominant and 
subdominant LCMV CTL epitopes for Uteir dependence on CD28- 
mediated costimulation. Interestingly, CD28"'" mice generated 
high numbers of CDS T cells specific to both dominant and sub- 
dominant epitopes, albeit 2-fold lower in magnitude compared 
with +/-I- mice (Fig. 3). Furthermore, the hteraichy of immu- 
nodominance amoiig LCMV CH. epitopes was not altered in the 
absence of CD28-B7 mteractions. Although Ae mechanistic basis 
of LCMV CTL epitope hierarchy is not known, these data sug- 
gested that CDS T cell responses against dominant and subdomi- 
nant epitopes are largely independent of Cn28-mediated costimu- 
lation. Ihese data are in agreement with the studies done by Tan 
et al. (36), who Nocked CD28/CTLA^-B7 inteiactions by tnating 
mice with CTLA-4-Ig fiision proteins during an acute LCMV in- 
lisction. Similar to LCMV infection. CH, responses to VV are not 



FIGURE 9. Protective inunimity in CD28~'" 
mice, a. Thirty-five days after acute LCMV hi- 
fection, groups of naive and LCMV-immune 
+/+ and CD28"'" mice were challenged with 
LCMV by i.e. infection (n = 4-6 mice/group). 
Following i,c. infection, mice were monitored 
for mortality. Note that all of die LCMV-im- 
mune mice survived, whereas all of Bie naive 
mice died by 8 days after i.e. LCMV challenge. 
*, One hundred days after an acute infection 
wift LCMV-AiTO, groups of +/+ and CD28"'" 
mice were challenged widj 2 x 10* PFU of 
LCMV-clone 13 by i.v. faijection. Five days af- 
ter challenge, infectious LCMV in die serum 
n Vcro cells. 
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significantly altered by sd)rogatian of CD2g signaling (10). How- 
ever, B7-CD28 interactions are essential for generating effector 
CDS CTL following VSV and influenza vims Infection in mice 
(10, 1 1). In contrast to LCMV and W, which replicate efficiently 
in the lymphoid system, the replication of influenza virus and VSV 
is very limited in lymphoid tissues. Thus, one common theme that 
has emerged from these studies is that the CD2g-mediated co- 
stimulation seems to be dispensable for CTL responses ^inst 
viruses that replicate to very high levels in the lymphoid system. 
The rules defining the costimulatory requiiements of CDS T cells 
may also depend on whether the infection is localized or systemic, 
and the ability of virus to infett APC, particularly the dendritic 
cells. Primary CD8 T cell responses to LCMV were normal in the 
absence of CD4O-CD40L interactions (9. 37, 38). In the absence of 
4IBB-4IBBL interactions, LCMV-speciflc CDS T cell responses 
were reduced by ~2-fold (36). It remains to be determined 
whether CD40-CD40L- and 41BB-41BBLHnediated costimula- 
tory interactions play redundant and/or compensatory roles in ac- 
tivating CDS T cells under conditions of CD28 deficiency. 

The resolution of an acute LCMV infection is dependent upon 
CDS* CTLs (39-40) and does not require CD4 T cells (15, 18). 
Nonetheless, mice acutely infected with LCMV mount a strong 
CD4 T cell response and develop humoral immunity (41, 42). In 
contrast to the development of a jwtent CDS T cell response, the 
induction of LCMV-specific CD4 T cell response was compro- 
mised in CD28-'- mice (Ref. 13 and M. Suiesh, K. Whitmiie, 
i. D. Altman, and R. Ahmed, manuscript in preparation). It is 
likely that lack of CIM T cell activation in C028~'~ mice reduced 
the CDS T cell response by one-half compared with +/+ mice. 
CD4-deficient mice also exhibit a simitar phenotype: the magni- 
tude of LCMV-specific CD8 T ceU response was ~2-fbld lower in 
comparison with what was generated in +/+ mice. 

In addition to providing costimulatory signals necessary for ac- 
tivation of naive T cells, CD28-B7 Interaction has also been shown 
to enhance survival of activated T cells by inducing the expression 
of the antiapoptotic gene ScZ-jij, (6, 7). Furthermore, Bcl-x^ Induc- 
tion prevented Fas- and anti-CD3-induced apoptosis In activated T 
cells (7, 8). These d?ta suggested that CD28-medlated signaling 
may be important in the survival of memory T cells. It was of 
interest to examine the role of CD28-B7 interactions in the gen- 
eration and maintenance of LCMV-specific memory CDS T cells. 
In this study, the maintenance of LCMV-specific CDS T cell mem- 
ory was unaffected by lack of CD28m7 mteractions (Figs. 5 and 
6). The initial expansion of CDS T cells during tfie primary re- 
sponse (clonal burst size) has been shown to be one of the deter- 
minants of the magnitude of T cell memoiy (20). Thei«fore, a 
digbt reduction in the total number of LCMV-specific memoiy 
CDS T ceUs in CD28"'- mice most likely reflect a ~2-fold lower 
a of virus-specific CDS T cells during the primary 



Studies have shown that Ag dose, duration of TCR stimulation, 
and number of TCR^ engaged caii determine the requirement for 
costimulation during T cell activation. During activation of naive 
T cells, CD28-medlated costimulation reduces the number of 
TCRs that need to be triggered by the Ag (43). It was of interest 
to examine the activation threshold of memory CD8 T cells in the 
absence of CD28/B7 interactions. To this end, we compsied the 
activation thresholds of memoiy CD8 T cells specific to multiple 
epitopes between +/+ and CDZS"'- mice. These experim«its 
revealed that loss of C028/B7 inteiacticms did not significantly 
affect the acUvation thresholds of memory CDS T cells (Fig. 7). 
One intriguing finding was that the activation thrediold of memoiy 
CDS T cells specific to the subdominant q>itope NPa,„,j was 
lower as compared with memoiy CDS T cells specific to the dom- 



inant epitopes NP39fi_4„4 and gp33-4! (even in the presence of 
CD28/B7 interactions In +/+ mice). The increased sensitivity of 
NP205-2i2-specific memoiy CDS T cells to peptide stimulation 
cannot be explained based on the differences in the binding affin- 
ities of peptides to the MHC I molecule. This Is because the MHC- 
bindlng affinity of peptide NP396.4W is substantially greater than 
for NP205_2,2 (19). One possibility is that during the primary re- 
sponse, low-level presentation of tiPjos^n subdomimnt epitope 
by the APCs may selectively activate CDS T cells with hi^ af- 
finity. Alternatively, the repertoire of CDS T cells that recognize 
NP205-2I2 ^ inherently of high affinity and/or avidity. Neverthe- 
less, taken together, these data suggeaed that CD28-deficlent 
memory CDS T cells may be qualitatively similar to +/+ memory 
CDS T cells. 

According to the current axiom, maintenance of memory T cells 
is dependent upon homeostatic proliferation, which prevents T cell 
attrition over time (31-33). We examined whether homeostatic 
proliferation of LCMV-specific memory CDS T cells is affected in 
the absence of CD28-B7 interactions. In vivo BrdU labeling stud- 
ies indicated that the rate of homeostatic proliferation of LCMV- 
specific memoiy CDS T cells in LCMV-immune CD28~'~ mice 
was comparable wldi that of immune +/+ mice. These data aic 
with noraial maintenance of CDS T cell memoiy in 



Protective immunity is a definitive marker of T cell memory. 
+/+ mice that have recovered from an acute LCMV infection are 
protected against lethal choriomeningitis resulting from an I.e. 
LCMV challenge. Akin to -t-/-l- mice, memory CDS T cells in 
LCMV-immune CD2S"'~ mice successfiilly protected against a 
lethal ix. infection with LCMV (Fig. 9a). LCMV-clone 13 Is a 
hi^Iy virulent strain of LCMV that establishes persistent infec- 
tions in immunocompetent mice (21). However, accelerated CDS 
T cell responses in LCMV-immune mice promptly controls 
LCMV-clone 13 infection, preventing viral persistence (17). 
LCMV-immune CD28""'~ mice were completely protected against 
a persistent Infection with LCMV-clone 13, presumably due to 
memory CDS T cell-dependent accelerated viral clearance (Fig. 
9b'). In summary, generation and maintenance of CDS T cell mem- 
ory, as assessed by quantitation of virus-specific CDS T cells by 
phenotypic and functional assays and protective immunity, k not 
dependent on CD28/B7 ir 
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ABSTRACT 

Rheumatoid arthritis (RA) Is one of the 
mo.a common chronic ir^iammatory 
syndromes. As such, RA is ojlen consid- 
ered the prototype disease for defining 
both the molecular and pathological 
hosts of inunune-mediated cfironic in- 
flammatory disease, and for validating 
targeted therapies. 

The immunogenetics of RA suggest a 
key role for aberrant pathways of T- 
ceU activation in the initiation cmdior 
perpetuation of disease. In the T-cell 
activation process, CD4* T-ceHs are 
engaged by antigenic peptide frag' 
ments in a complex with HLA class II 
molecides, in addition to co-stimuiato- 
ry molecules, such as CD80/CD86, ex- 
pressed on the surface of professional 
antigen presenting ceiLi. The stronge.n 
evidence supporting a role for CD4* T 
cells in disease pathogenesis is the as- 
sodation between ItA and HLA-DRBl; 
however, the functional role of this as- 
sociation has yet to be defined. Suscep- 
tibility to RA may also be linked with 
several RA-associated allelic variants 
of gents, especially PTPN22, but also 
CTLA4. IL2RA, IL-2RB, STAT4, PTPN2 
and PAD14, many of which encode mol- 
ecules direcUy impUcated in pathways 
qf T-cell activation. 
The presence of inftammaiory infil- 
trates, such as follicular structures, in 
the synovial membrane provides com- 
pelling evidence of ongoing immune 
reactions In moderate to severe RA. 
These structures likely play a key role 
in T cell. - B cell cooperation and the 
local generation of specific autoanti- 
bodies; as such, ckrordcally activated 
synovial T cells represent key cellular 
targets for therapy. Evidence also sup- 
ports a role for T-helper (Th) cells, 
Thl7 cells, and impaired CD4*C'D25'^ 
regulatory Tcell (Tieg) function in t/te 
pathogenesis ofRA. 
In addition to discussing a range of is- 
sues regarding T-cell activation in RA. 
this review describes haw therapeutic 
modulation of T-cell function, a.\ op- 



posed to profound immunosuppression 
or immunodepletion, has been as,sr)ci«i- 
ed with better diseaie outcomes in clini- 
cal triab. Ultinuilely, elucidation of the 
distinct effects of co-stumtiation modu- 
lation with abatacept on T cells .should 
provide key insiglits into understanding 
how to re.\tore immune homeostasis in 
patients with RA. 

Introduction 

Rlieumaioid arthritis (RA) is one ol' 
the most common chronic inflam- 
matory syndromes, and has become 
the prototype diseuse for delining the 
molecular and pathological basis of 
immune-mediated chronic inllamma- 
tory disease, as well as for validating 
targeted therapies. Rheumatoid arthri- 
tis targets the synovial lining of joints, 
bursas and tendon sheaths. At least in 
the early piiase, RA is distinct from 
other organ-specific autoiraniune dis- 
eases in that, rather than causing cell 
death and tissue destruction at the 
outset, the disease is characterized by 
the activation and proliferation of stro- 
mal tissues in the target organ. Further- 
more, no antigen or antigens have been 
defined in RA that reflect the specific 
tatget oi^an. Given the strong genetic 
associations between RA and genes 
encoded within the major histocompat- 
ibility complex (MHC), a major chal- 
lenge over many decades has been to 
understand how aberrant MHC class Jl 
restricted T-cell responses might pro- 
voke persistent immuno-inliammatory 
responses that target the synovial joint. 
Recent advances in genetics, together 
with data acquired from animal models 
of autoimmune arthritis, have provided 
important new clues. 

The immunogenetics of rheumatoid 
arthritis 

In spite of heritability estimates ol' up 
to 60% (1). tlic identification of al- 
lelic variants that underpin RA disca.sc 
pathogenesis ha.-; been hintiered by 
the fact that RA su.sc;eptibilily genes 



confer low tii moderate risk and have 
low penetrance (2). TTie only excep- 
tion to this is the MHC, for whicli five 
gcnome-widc linlcagc scans of mul- 
tiplex ftkinilics have unambiguously 
establi.sliect iui ipiporlaiit contribution, 
and allelic variation at the HLA-DRBl 
locus remains the domipant, although 
not exclusive, MHC locus contribut- 
ing to disease susceptibility (2). Nev- 
erthelesH, a contemporary approiich to 
understanding the biology of complex 
polygenic ci iiils proposes ttiat disease- 
associated gene polymorphism is path- 
way specific rather than disease specif- 
ic. This notion Is supported by the fact 
that susceptibility genes impose subtle 
phenotypic variation in the function of 
biologic pathways shared between au- 
toiiTimune syndromes (3). 
The most comprehensively studied 
pathway is undoubtedlyiT-cell activa- 
tion. In this activation process CD4* 
T-cell clones, expressing rearranged 
antigen T-cell receptor (TCR) a and 
P chains, recognize and are engaged 
by antigenic peptide fragments in a 
complex with HLA class 11 molecules 
and co-stimiulatory molecule.-!, such as 
CD80/CD86, expressed on the surface 
of professional antigen-pre.senting cells 
(APCs). The association between RA. 
and HLA-DRBl, which encodes the 
polymorphic HLA class 11 DRp chain 
where the greate.<!t variation is confined 
to a stretch of the DRp chiun alpha helbc 
(residues 67-74) known as the shared 
epitope (SE) (4j, remains perhaps the 
strongest evidence for a role of CD4*T 
cells in diseiise pathogenesis. However, 
the functional basi.'; for this association 
remains the subject of .some debate. 
Tlie most obvious functional impact 
of HLA-DRBl polymorphism would 
be to influence TCR recognition, either 
through the .selection of distinct pep- 
tide epitopes for presentation to T pells 
or through direct effects on MHC/TCR 
contact residues, altering MHC/TCR 
avidity during thymic development and 
the activation of T cells in the periph- 
ery (5. 6). Other studies have proposed 
a link between particular subtypes of 
HLA-DR4 and the replicative hi.ttoiy, 
bused on the erosion of telomeres in the 
hematopoietic compartment (7. 8>. It is 
thought that this might arise from the 



expansion of self-reactive T-cell clones 
through homeostatic proliferation in 
both naive and memory T-cell com- 
partments and subsequent contraction 
of the T-cell repertoire documented in 
patients with RA (9). Why this should 
be associated with HLA-DR4 and not 
other HLA-DR molecules is unclear. 
More recent studies propose that RA- 
associated HLA-DRap molecules may 
promote imitiune responses to modified 
self, including citrullinated proteins 
(10), that appear to be influenced by 
environmental factors such as chronic 
exposure to tobacco smoke (11). Ac- 
cording to this model, different subsets 
of RA-associated HLA-DR molecules 
might present a distinct protile of cit- 
rullinated autoantigens to T cells. The 
finding of an association between gain- 
of-expression variants of /MD/*, which 
encodes one of several peplidylai^inine 
deiminase (PAD) enzymes dial citrulli- 
nates proteins, and disease in Japanese, 
US and European RA populations Is, 
therefore, of particular interest (12, 13). 
Emerging data further support the no- 
tion that RA-associated allelic variants 
may impose subtle phenotypic effects 
on pathways of T-cell activation and the 
resolution of immune responses. For 
example, the hematopoietic tyrosine 
phosphatase Lyp, entsoded by PTPim, 
has recently been identified as a taajot 
risk factor for several autoimmune dis- 
eases, including type I diabetes, autoim- 
mune diyroiditis, systemic lupus ery- 
thematosus, myaattienia gravis and RA, 
with odds ratios in the range of i .5-2.0 
(2, 3). Although expressed in many cell 
types witliin the hematopoietic com- 
partment, the best understood function 
of this phosphatase is to switch off TCR 
signaling (14-16). Intriguingly, the dis- 
ease-associated allelic variant, R620W, 
has been reported to be a gain-of-fiinc- 
tion mutant paradoxically impairing the 
association between Lyp and C-terrainal 
Src kinase (CSK), a negadve regulator 
of TCR signals, while at the same time 
enhancing intrinsic phosphatase activ- 
ity (17); the sum effect is to increase 
thresholds of TCR signaling. Whether 
this impacts on thymic selection or the 
propagation and/cw function of regula- 
tory T cells ClVegs) remains to be de- 
termined. However, there does appear 



to be an association between carriers of 
the FTPN22 minor allele and autoanti- 
body production (18, 19). 
Finally, there exist associations be- 
tween RA and polymorphism in genes 
encoding proteins that serve to regu- 
late immune responses. One of these 
associations, idbeit weak, is with 
polymorphism at the CTLA-4 locus, 
another general susceptibility locus 
for autoimmunity (3, 13). Surface cy- 
totoxic T-lymphocyte-associated anti- 
gen (Cn"LA)-4 functions as a negative 
regulator of T-cell activation, binding 
to CD80/CD86 on APCs, although 
it can promote the function of lYegs, 
both features noaking it a good candi- 
date gene. However, studies suggest 
that die human risk haplotype may be 
associated with lower levels of a splice 
variant encoding a soluble form of 
CTLA-4, which would serve to block 
the interaction between the activating 
co-stimulatory molecule CD28 and its 
ligands CD80 and CD86 (20). Tlie re- 
cently published genome-wide associa- 
tion study suggests that there may be 
additional RA candidate susceptibility 
genes likely to influence T-cell fiinc- 
tion and immune homeostasis, with al- 
lelic variation in the regions of the in- 
terleufcin (IL)-2 receptor alpha (/Z.2it4) 
and beta ilL2RB) chains, as well as 
the protein tyrosine phosphatase, non- 
receptor type 2 (PTPN2) (3). The fact 
that these associations have also been 
documented in other autoimmune dis- 
eases, such as type I diabetes, makes 
them all the more intriguing (3). To- 
gether, these data provide compelling 
evidence to support a role for perturba- 
tions in T-celi function in the initiation 
of RA, and identify potential targets for 
dierapeutic intervention. 

Pathways of T-ccIl activation and 
differentiation in RA 

Over recent years, it has become clear 
that autoimmune inflammatory arthri- 
tis cannot be explained simply in terms 
of a classical antigen-driven expan- 
sion of effector T-cell clones that tar- 
get synovial joints. Furthermore, path- 
ways of differentiation do not appear 
to conform to the tradidonal polarized 
pathways of T-cell differentiation, as 
early studies of rodent arthritis models 



have implied, although T helper (Th)I 
cells expressing interferon (IFN)-y and 
tumor necrosis ftictor (TNF)-« are de- 
tected in RA synoviaJ joints in estab- 
lished disease (21, 22). This tuioinaly 
may have iis much ito do with'the in- 
fiaminatory, hypoxic environment 
in the inflamed synovium, which in 
known to impair TCK responsiveness 
(23), as has the nccelerated immune 
senescence tliat may iiccoinpany the 
'pre-arthiitic' phaae of disense (24), 
Moreovei', the precise anatomical sitts 
of die early phase of T-cell differentia- 
tion may also influence this pathway. 
A recent analysis of cytokine profiles 
determined in synovial fluid tram pa- 
tients with very early inflammatory 
synovitis documented an unexpected 
Tti2 profile, characterized by expres- 
sion of IL-4, rL-5 and IL-13, while 
expression profiles in synovial fluid 
from those patients who subsequently 
fuiniled the classiiication criteria for 
KA lacked tiiese cytokines at detect- 
able levels (25), In established disease, 
it is generally accepted tliat synovial T 
cells express low amounts of IFN-y and 
IL-10, as well as TNF-ct, while expres- 
sion of rL-2 and IL-4 is virtually absent 
(26). The recent finding of an associa- 
tion between RA severity and an IL-4R 
allelic variant that irnpairs IL-4R sign- 
aling and Th2 differ^tiation is of par- 
ticular interest in this regard (27). 
New data iixim animal models of au- 
toimmunity have placed increasing 
importance oh tl^ll expressing CD4* 
T cells, known as Th 17 cells, and how 
they might contribute to disease patho- 
genesis (28). Thus, collagen-induced 
arthritis is markedly attenuated in IL- 
17 deficient mice (29), and spontane- 
ous arthritis in JL-lRa deficient mice 
can be completely prevented in the 
absence of IL-17 (30). More recently, 
the spontaneous arthqtis developing in 
Balb/c mice carrying a point mutation 
in ZAP-70 has been shown to be com- 
pletely dependent on the expansion of 
differentiating Thl7T cells (31). These 
observations may go some way to ex- 
plain the diseiise-exacerbating effects 
of IFN^R deficiency in arthritis mod- 
els on the one hand (32, 33). and the 
protective efiEiscts of IL-6 deficiency or 
inhibition on the other hand (34), given 



the reciprocal rales of the.se cytokines 
in Thl7 differentiation in mice. lL-17 
is produced spontaneously in RA .syno- 
vial cell cultures, and by immunohis- 
tochemistry identilled in perivascular 
T-cell rich zones (35). IL-23. whith 
may promote ilie survival and expan- 
sion of Thl7 cells, is also detectable in 
KA synovial .joints. The 1L-J7 receptor 
is ubiquitously expressed and so may 
be expected to have plciotr«pic ef- 
fects. Thus,T-cel! derived IH 7 (likely 
to include IL-17A and II^I7F family 
members) promotes monocyte-depend- 
ent IL-I and TNF-a pnxluction (36). 
induces expression of the osteoclast 
differentiating fector RANKL (37), 
and stimulates synovial fibroblasts to 
express IL-6, IL-8, granulocyte colony- 
stimulating factor (G-CSF), prostaglan- 
din E2 (PGEi) and matrix metal lopro- 
teinases (MMPs) (38). Fiirther studies 
in RA patients arc required to confimi 
whether T cells expressing IL-17 are 
crucial effectors of tlie chronic, per- 
sistent phase of synovial inflammatory 
responses. 

Pathways of T-cell effector function 

One of tile striking characteristics of 
patients with moderate to severe RA 
is tlie presence in the sytiovial mem- 
brane of inflanunatory infiltrates that 
resemble tertiary lymphoid structures, 
including follicular or germinal center- 
like reactions (39). These structures 
likely play a key role in T-B cell coop- 
eration and die local generation of spe- 
cific autoantibodies. While tliis pattern 
of lymphocytic infiltration is found in 
a subset of patients, it provides robust 
evidence fbr ongoing immune reac- 
tions at the site of joint inflammation. It 
is likely that these structures harbor the 
core cell-to-cell interactions between 
T cells and B celk essential for immu- 
noglobulin synthesis, as well as those 
between T ceils and macrophages and 
nesident stroma! fibroblasts. 
There are also a growing number of 
reports pointing to tlie importance of 
T-cell contact-dependent pathways of 
inflammatory cytokine production by 
both monocytes and synovial fibrob- 
lasts. For exarapie, synovial T cells 
promote IL-1, TNF, IL-6 and chem- 
okine expression by macrophages in a 



cell-contact dependent mannerthat may 
involve LPA-l-lCAM-I , CD2-LFA-.?, 
CD401^CD4t) and CD69 engagemonl 
(40-42). This ef Tcct can.be reproduced 
by stimulating T cells from healthy 
donors with ii cocktail ol' cytolcines 
including lL-2, IL-6, TNF or IL-1 5. 
T cells, through direct cell contact, 
can also stimulate Jibroblasts to pro- 
duce PGE2. MMPs and lL-6 (43, 44). 
an environment that, at least in mice, 
would tiivor the reciprocal activation 
and diffieientiation of IL-17 producing 
T cells. Finally, data support a model 
where, through expression of TNF-c<, 
IL-17 and RANKL, chronically acti- 
vated T cells promote bone resorption 
by augmenting pathways of osteoclast 
differentiation through their direct ac- 
tion on myeloid prccuniors (45. 46). 
Chronically activated synovial T cellK, 
therefore, are Icey initiators and orchcs- 
trators of inflammatory pathways in K A 
joints, and as such remain valid cellular 
targets for therapy. 

This discus.sion, above all, highlights 
the pej-sistence and survival advantage 
of effector T-cell clones, atnong other 
activated cell types. Why chronic im- 
mune responses fail to resolve in the 
susceptible host is not understood. One 
possible explanation is that effector T 
cells persist tlu-ough the failure of im- 
munoregulatoiy pathways. 

Are pathways of immune regulation 
abnormal in RA? 

The primaiy mechanism diat leads to 
tolerance to sell-antigens is thymic de- 
letion of self-reactive T cells. However, 
since some self-reactive T cells physi- 
ologically escape this process (and au- 
toreactive CD4* T cells are, therefore, 
present in the peripheral circulation of 
healthy individuals where they retiiin 
their capacity to initiate autoimmune 
inflammation), negative selection in the 
thymus is not enough to prevent .sus- 
tained activation of self-reactive Tcell.s 
in die periphery. Tlius, regulatory mech- 
anisms in the peripheral immune sys- 
tem are required to protect against both 
the generation of self-directed immune 
responses and the consequence thercu!" 
- the initiation of aiitoimmuiic-mccli- 
iUed pathology (47). One .such mecha- 
nism of periphcml tolciancc involves thi; 
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active suppfcssion of T-cell rcspoases 
by CD4' T colls with pntent regulatory 
capacity. A irajor subset of these T cells 
is thu CI>»*CD25' rcgulinory T cell 
(Trcg) subsol (48). Tregs arc characlcr- 
izccl by low pmlilemtivc cstpacity upon 
iriggeiing of the TCR with polyclonal 
or allogeneic slimulalion in viiiv, aiid by 
their ability lo .suppress CD4' and CD8* 
T-ccIl immunu nuiponse.s via ccll-cnnlaci 
UojwntloiU niochanisms. 
In rocont yciu'.'s, sevci-iiJ studies have 
proposed ihm the runciion of Trcgs is 
.severely Inipnired in iiutulinmunc rheu- 
maitc disease, suggesting that in faut a 
breakdown of Treg-mcdtatcd periph- 
eral tolerance may have occuiicd (49). 
This would contribute directly to the 
development of disease by allowing the 
initial autoininnunc response to evolve 
into ii sustained infkmiTialory response. 
However, despite this being an attrac- 
tive hypothesis, these data have to be in- 
tetprcted with some caution. First, in the 
ubsenue of a specifie surftice marJcer, the 
idenlincatloii ofTregs cunently still re- 
lies on the detection of Tcdls expressing 
the traawription factor forlchead box p3 
CPoxp3) that in mice ha.s been .shown to 
be highly specific for Tregs (50). How- 
ever, i«cent evidence has clearly estab- 
lished that human effector T cells tran- 
.siently upregulate Foxp3 without im- 
posing regulsitoty functions (51), Thus, 
functional studies of Foxp3-express>ng 
T cells in patients with a disease charac- 
terized by immunologicBl activity, such 
as innstflrtiardty HWniatfc disease, may 
in fact include a mixture of Tregs and 
variable frequencies of contaminat- 
ing, recently activated effector T cells. 
Second, it also hits been established 
that in vitrei a.ssays conventionally em- 
ployed to assess the reguiatory capacity 
ofTregs do not necessarity reflect their 
in vivo function. For example, whereas 
Trcgs are anergic in these in vitro as- 
says, they proliferate vigorously in vivo 
(32>. Future ."Jiudies are clearly required 
to determine the role ofTregs in human 
rlieumatic discn.ses more precisely, to 
analyze their contribution to initiation, 
perpetuation and regulation of the au- 
toimmune inflammalion and al.so to de- 
litjc their potential role as u therapeutic 
option Ui downregulatc ongoing inflam- 
mation by means of cellular therapy. 



A second CI>4* T-cell population with 
the potential to counteract T-cell driv- 
en inflammation in the peripliery is 
the Th2 cell population. Th2 cells, by 
means of their .signature cytokine IL- 
4, prevent tiie generation of both Thl 
and Thl 7 cells, and are ubie to down- 
modulate their effector functions (53). 
As outlined above. Th2 cells and their 
cytokines are virtually absent in es- 
tablished RA, potentially hinting at a 
palhogeneticsdly important imbalance 
of T-ccll differentiation associated with 
disease. In foct, it has been shown that 
T-cell differentiation is severely altered 
in patients widi early RA (54). Where- 
as an increjuied generation of IFN-y 
producing Thl cells from uncommit- 
ted CD4» precursor T cells con be de- 
tected in in vitro assays at the time of 
disease onset. Th2-cell differentiation 
is impaired in the majority of patients 
already at the.se very early stages of the 
disease, suggesting that diere may exist 
a profound defect in Th2-coll differen- 
tiation in early RA, The data imply that 
an alteration in the functional ability 
of T cells to generate immunomodu- 
latory Tb2 effectors with the potential 
to dowiiregulate ongoing Thl-driven 
inflammation may reflect a breakdown 
of peripheral tolerance and, thus, may 
be critically involved in the evolution 
of sustained rheumatoid inflammation 
from the outset of the disease-provoking 
autoimmune response. 
Recent data, however, suggest tljat im- 
paired Th2-eell differentiation is not 
only critical for the initiation of sus- 
tained rheumatoid inflammation, but 
also impacts on long-term clinical out- 
come. When patients from the initial 
T-cell differentiation studies were fol- 
lowed for up to 5 years by repeatedly 
assessing their disease activity and pro- 
gression of joint destruction, it became 
clear that treatment (hat was conducted 
at the discretion of an independent 
rheumatologist induced a meaningful 
reduction of clinical disease activity in 
92% of the patients in whom Th2-ce]l 
differentiation could be induced at their 
first vLsit. but failed to do so in 64% of 
the patients with impaired Th2-cell dif- 
ferentiation ut disease on.<iet (x^= 8.92. 
p < 0.003). Even more striking was the 
ob.servation that bone erosions occurred 



in 36% of the patients who were able 
to produce Th2 ceils, but in as many as 
81% of the patients who were unable 
to geneiute Th2 effectors (x^= 9.01, p 
< 0.003) despite aggressive drug treat- 
ment (Mueller, Skapenko and Schulze- 
Koops, unpublished observations). 
These data demor.strate that reduced 
Th2-cell generation is a.ssociated with 
persistendy aggressive and erosive dis- 
ease, and may. in fact, suggest chat a 
lack of regulatory immune mechanisms, 
such as the absence of IL-4 producing 
Th2 cells, contribute to sustained in- 
flammatory activity, which eventually 
results in severe tis.sue pathology. 

Has T-ccll targeted therapy 
provided evidence for a role of 
T cells in disease pathogenesis? 
If the major role of T cells in RA sug- 
gested iTom the discussion above is of 
relevance to established clinical disease, 
we would predict tliat T-cell diiwted 
therapies should be effective. Is this in- 
deed the case? After all, most success- 
ful approaches to RA therapy target the 
effector pha,* of the disease - either at 
or downstream of - the monocyte/mac- 
rophage level (metho-ti'exate atid TNF 
blockade being good examples). 
While die recent introduction of co- 
stimulatory blockade with abatacept 
has re-established the modulation of 
T-cell co-stimulation as a valid thera- 
peutic approach In RA, this is a partic- 
ularly relevant question because anti-T 
cell therapy has not been one of the 
nuijor success stories of rheumatology 
until now. Several different antibodies 
against CD4 have been investigated in 
the treatment of RA. Direct compari- 
son of the results has been difficult as 
study design and definitions of clini- 
cal response varied greatly. What is 
evident is that depleting CD4* T cells 
with antibodies to CD4 does not result 
in the sustained reduction of systemic 
disease activity, or in sustained clini- 
cal efficacy. For example, keliximab, a 
chimeiic cynomolgus monkey/human 
chimeric antibody that depletes CD4* 
T lymphocytes, has been evaluated 
in clinical trials. American College 
of Rheumatology (ACR) 20 response 
rates of 47% and 69% were achieved 
only at the highest do.sages, with placebo 



S-7 



response rates of 3()% sutd 19%, res- 
pectively (55). Iiitki«stii)gly, the coat- 
ing mther tlian the depletion of CD4+ 
T ctsJIs with the antibody to CD4 was 
found to correlate be.sl witli therapeutic 
responses (55). This prompted attempts 
to switch from the use of a depleting 
immunoglobulin (ls)0 ' tiierapcutic 
monoclonal antibody (mAb) to tile less- 
depleting IgG4 antibody isotype. One 
such reagent, clenoliximab was shown 
to be non-depleting, but to strip CD4 off 
the surface of T lymphocytes (56). The- 
oretically, these data suggest modulation 
of T-Iymphocyte function rather than 
T-celJ depletion as 'tl»e major mode of 
action. Efficacy results of clenoliximab. 
however, have not been reported. 
A different mAb from CD4, OKTcdr4a, 
was derived from the murine n^Ab to 
CD4. OKT4a, by engrafting its CDR 
regions onto a human IgG4/K innmu- 
noglobuHn (57). A multicenter, pla- 
cebo-controlled, tandomized, double- 
blind study was initiated in patients 
with RA refractory to standard therapy 
with disease-modifying antirheuniatic 
drugs (DMARDs) (58). Clinical re- 
sponse, as assessed by modilied Pau- 
lus criteria, was achieved after the first 
treatment week in 67% of the patients 
who received the anti-CD4mAb, com- 
pared with 25% of the placebo-tteated 
group. Six weeks after treatment, the 
clinical effect had waned. However, 1 
week after the second treatment cycle 
(e.g. after 6 weeks), all patients who 
had received the mAb had a clinical re- 
sponse, compared with 25% of the pa- 
tients in the placebo group. There was a 
significant decrease in C-reactive pro- 
tein (CRP) levels in all patients I week 
after mAb adminlsftation. By contrast, 
no significant changes were observed 
after placebo treatment. Remarkably, 
the administration of OBC'Ibdi4a was 
not associated with a drop in the num- 
bers of total white blood cells, lym- 
phocytes, neutrophils, monocytes or 
CD4*T cells. 

Together, the results of these studies 
support the notion that coating rather 
than depletion of CD4*T ceils might be 
effective in ainsliorating immunologi- 
cal activity in R A. It is tempting to spec- 
ulate that the Eulure of antibodies that 
deplete CD4^ T cells to show clinical 



efKcacy might lelate to the depletion of 
regulatory CD4* T cells. Of course an 
alternative approach to blocking T-cell 
activation is to prevent the interaction 
between T cells and accessory cells at 
the outset of TCR engagement Such a 
strategy, which would include co-stim- 
ulatory blockade, will be discussed in 
more detail in subsequent contributions 
to this review series. 
In the context of T-cell targeted thera- 
py, consideration must also be given to 
conventional DMARDs that have long 
been believed to act through their ef- 
fects on T-cell function. Cyclosporin A, 
a calcineurin inhibitor, mainly targets 
the Ca*Vnucloar factor of the activated 
T cell (NFAT) pad»way, an essential 
component for activating the IL-2 pro- 
moter. Full activation and survival of 
activated T cells are, therefore, attenu- 
ated by cyclosporin A therapy, which 
nuwt likely constitutes a therapeutic 
Eqiproacfa targeting T lymphocytes. 
For RA, tteie is sufficient evidence to 
suggest that cyclosporin A is effective, 
to fact, many of the concerns about 
the drug have had more to do with 
its toxicity profile rather than its lack 
of efficacy. In clinical studies, cyclo- 
sporine A was superior to placebo at 
iO lag/kg, 5 mg/kjg end as low as 2.3 
mg/kg (59-61). Cyclosporin A also in- 
hibited radiographic progression (60). 
Patients with inadequate responses to 
methotrexate benefited ftom additional 
cyclosporin A compared with prolong- 
ing methotrexate monotherapy (62). In 
early RA, cyclosporin A in combination 
with low-dase methotrexate (7.5 mg/ 
week) demonstrated improved ACR20 
responses compared with methotrexate 
(63). FinaUy, the combination of cyclo- 
sporin A and methotrexate was also 
superior to methotrexate alone witli re- 
gard to radiographic progression (64). 
Although cyclosporins A is likely to 
modify Ca^^/NFAT signaling responses 
in cell subsets besides Tcells, these data 
have provided a cogent aignment for a 
role of T cells in RA. They do, howev- 
er, lend further support to the idea that 
combination therapies that laiget both 
lymphocyte and macrophage function 
may be more effective. 
The other DMARD that acts by specifl- 
cally targeting T cells is leflunomide. 



By inhibiting the enzyme dihydro-oro- 
tate dehydrogenase, the active metabo- 
lite of the drug blocks de novo pyrimi- 
dinc synthesis, which is most promi- 
nently involved in the prol iteration of 
activated T lymphocytes. While leflu- 
nomide may also have effects on other 
cells, and monocytes/macrophages la 
particular (65), its major effect is T-cell 
related. In this regard, it is of interest 
ttiat leilunomide preferentially inhib- 
its the activation of pro-inflammatory 
Thl cells while promoting the differen- 
tiation of potentially anti-inflammatory 
Th2 cells (66), 

Leilunomide has been shown to be su- 
perior to placebo in large, randomized 
clinical trials, and as effective as meth- 
otrexate or sulfasalazine both in con- 
trolling inflammatory disease activity 
and in retarding radiographic progres- 
sion (67-69). When added to meth- 
otrexate, leflunomide shows additional 
benefit compared with placebo (70), 
but it is not clear whether the addition 
of leflunomide is indeed more effica- 
cious than switching to leflunomide 
would be (71). 

Several trials have proven lefluno- 
mide and cyclosporin A to be effective 
DMARDs for RA, Including efficacy 
with regard to reducing joint erosions. 
Their mechanisms of action are likely 
to be distinct; indeed the combination 
of the two proved to be more effective 
than either one alone (72). While CD4- 
directed therapy has not led to a clini- 
cal breakthrough to the same extent as 
the more recent biologic agents, there 
appears to be evidence of therapeutic 
efficacy. For none of these three ap- 
proaches is it presently clear how they 
might affect the function and/or number 
of Tregs. Thus, their apparent efficacy 
could either be explained by differen- 
tial modulation of effector versus Treg 
responses, or by a suppression of Treg 
function in RA, which, as a conse- 
quence of the pronounced inflammatory 
activity, would render Tregs ineffective 
and attribute lesser importance to their 
downmodulation in active disease. 
This brief review has sought to crystal- 
lize a range of i.ssues regarding T-cell 
activation in RA; these are summarized 
in the Key points box. It also serves to 
highlight Che need to better understand 
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the phenomenon of immune homeos- 
tasis in viva both at the molecular and 
celluliir levels, and lo devise assays lo 
evaluate tlie dynamics of ittimunc func- 
tion in patients in retsponse to therapeu- 
tic intervention. If this can be achieved 
in the near future, we .should bo better 
placed to examine how new generation 
T-ce(l targeted therapies, .such a.s co- 
slimulatory blockade, exert their bcnc- 
licial therapeutic eflects in the clinic. 



Key points box 



• The immunogenetics of RA point 
to a iccy role for aberrant pathway.^ 
of T-cell activation in tlie initiation 
andyor perpetuation of disease. 
Besides HLA-DRB! and PTPN21, 
su.sceptibi!ity to disea.se may be as- 
sociated with CTLA^, IL-2RA, IL- 
2RB, STAT4. FTPN2 and PADM 

• Patterns of lymphoid infiltrates, e.s- 
pecially follicular sUuc'tures with or 
without germinal centers, provide 
strong evidence of ongoing immune 
reactions in established RA 

•Spontaneous arthriti.s in rodents 
(.e.g., K/BxN, n^IRa-'-, gpl30 mu- 
tant and SKG mice) have been 
shown to be T-cell dependent models 
of disease 

• Activation and differentiation of T- 
heIper '(T») cisnir in' RA ovcir time 
may lead to the accumulation of 
Thl as well as IL-17 producing 
T cells, in association with the im- 
paired differentiation of Th2 call.s 
(at least in e.stablished disease) 

•More robust marlcers for CLH' 
CD25''' regulatory T cells (Tn5g.s) 
are required before it can be con- 
clusively established whetter or not 
Ti-egs are. in relative terms, impaired 
in number and/or function in RA 

• Therapeutic modulation of T-cell 
function, as opposed to profound 

immunosuppression oriimmunode- 
pletion, has been associated with 
better disease outcomes in clinical 
trials. Co-stimuJatory bJockudc 



provides one such .strategy for 
modifying T-cell function 

•Dclining the distinct effects of 
co-stimulatoty blockade with aba- 
tacept on T-cell sub.sets should 
provide key insights into under- 
standing how to restore immune 
homecstasis in patients with RA 
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Psoriatic arthritis is < h.uat tended by chronic Inflammation 

of the skm and syncAiki! joint 1 ( (ills are abundant in the; 

inflamed joint and -.kir Diseisi m ceptibility is associated 
with major histoconipatibilit\ (onplex, which presents 
antigens to T cells T celn in 'ho synovial joints have an 
activated phenotype and cltMiKu strata selective T-cell 
receptor usage sugge-^tive or olij;oi lonal expansions. Taken 
togethei these tac*s '•u^hcsI thai pwiatic arthritis is driven 
b> antigen or autruntiijcn driven T-cell activation. The 
therapeutic benefit o anti I t.ell d^rt ts;iurthef. supports - 
an important pathogenic role fiw T cells, in persistent syno- 
vial inflanpnatton 3nd jojnf d^agfgin "pst^ic ajtfirjfis! 1 



Introduction 

Psoriasis and psoriatic arthritis (PsA) are common. The 
prevalence of psoriasis is 2% to 4% of the population, 
and 30% to 40% of psoriatic patients suffer from inflam- 
matory arthritis. PsA is a fascinating rheumatic disease. 
The occurrence of inflammatory arthritis in patients with 
psoriasis implies a strong pathogenic link betw^een stein 
disease and arthritis. However, correlation between joint 
and skin inflammation is moderate at best. Patients with 
severe arthritis may have minimal cutaneous disease; con- 
versely, patients with jevere skin disease may not suffer 
from arthritis. In most cases, psoriasis predates the onset of 
arthritis, but in some patients, arthritis occurs before skin 
disease. Furthermore, PsA has a different pattern of articu- 
lar involvement, leading Wright and Moll [1] to categorize it 
into five subtypes. The ClASsification of Psoriatic ARthri- 
tis (CASPAR) group recently revised the classification 
criteria [2]. The disparity between skin and joint diseases 
and the heterogeneous pattern of joint involvement suggest 
a complex interaction among genes, immune response, and 
environmental fectors. Disease prognosis is highly variable, 
but recent long-term cohort studies have suggested that 
function disability [3] and joint damage [4] are worse than 
what has been suggested in standard textbooks. 



Evidence Supporting the Importance of T 
Cells in Psoriasis Pathogenesis 
Genetic association 

Genetic factors play a major role in patients' susceptibil- 
ity to psoriasis, especially in those whose disease develops 
before age 40. Relatives of patients with psoriasis have a 
risk four to 10 times higher than that of the general popu- 
lation [5]. Psoriasis has an estimated heritability between 
60% and 90%. In patients whose psoriasis developed 
before the age of 40, a stronger association exists with 
major histocompatibility complex class I molecules HLA- 
Cw6, HLA-B13, and HLA-Bw57, and class II molecule 
HLA-DR7. Because the only known function of major 
histocompatibility complex molecule is to present anti- 
genic peptides to T cells, T cells are strongly implicated in 
the pathogenesis of psoriasis. 

T cells are found in the psoriatic lesions 
Psoriasis is characterized by hyperproliferation of kera- 
tinocytes and lymphocytic inflammatory infiltrate in the 
skin 16]. The abundance of activated T cells in psoriatic 
skin plaques strongly suggests that they are pivotal in 
disease pathogenesis. The high expression of intercel- 
lular adhesion molecule (ICAM)-l and E-selectin on the 
endothelial cells in skin lesions facilitates T-lymphocyte 
trafficking from blood to the psoriatic plaques [7J. Cyto- 
kines such as interleukin (IL)-l, IL-6, and tumor necrosis 
factor (TNF)-a, which are found in psoriatic plaque, 
increase the expression of these adhesion molecules by 
endothelial cells [8]. One unique feature of T lympho- 
cytes in the psoriatic lesion is the expression of cutaneous 
lymphocyte antigen (CLA), which binds to E-selectin on 
endothelial ceils [9]. CLA is found in only 10% of circulat- 
ing T lymphocytes, suggesting that CLA* T cells migrate 
selectively to inflammatory psoriatic skin plaques. Pitzalis 
et al. [10] examined paired skin and synovial membrane 
samples from patients with PsA. CLA* T cells were found 
in the skin but not in the joint. Interestingly, the mecha- 
nism for accumulating CLA* T cells appears independent 
of E-selectin expression, which was similar in the skin 
and synovial membrane in patients with PsA. 

In psoriasis plaques, T cells have a distinct distribu- 
tion pattern in which CD4* lymphocytes are localized to 
the dermis and CDS* T cells predominate in the epider- 
mis. Also present in the psoriatic skin lesions are efficient 
antigen-presenting cells, such as Langerhans and dendritic 
cells, which are capable of stimulating and activating T cells 
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[11]. CD4* T cells have an activated phenotype with expres- 
sion of CD40 ligand and CD28. Activated T cells release 
interferon {IFN)-y, a potent stimulator of macrophages. In 
turn, IFN-Y releases proinflammatory cytokines (eg, IL-1 
and TNF-a), which activate endothelial cells, resulting in 
further recruitment of T cells into psoriatic plaques. 

Anti-T-cell therapy is effective in treating psoriasis 
The success of anti-T-cell treatments illustrates the impor- 
tance of T cells in psoriasis. Alefacept and efalizumab are 
two anti-T-celi biologic agents licensed for the treatment of 
psoriasis. Alefacept is a chimeric fusion protein of leuko- 
cyte function-associated antigen (LFA)-3 conjugated to the 
constant region of immunoglobulin Gl that binds to CD2, 
which is expressed by T cells, especially memory T cells. It 
deletes CD2* T cells by inducing apoptosis and natural killer 
cell-mediated cytolysis [12]. It is administered weekly as a 
15-mg intramuscular injection. In a randomized controlled 
trial, 70% of patients achieved at least 50% improvement 
in psoriasis area severity index (PASI) after 12 weeks of 
treatment [13]. Alefacept reduces the number of memory 
CD4* and CDS* T cells in circulation and psoriatic skin 
lesions, a measure that parallels clinical improvement [14]. 

Efalizumab is a humanized monoclonal antibody that 
targets the CDlla subunit of LFA-1, which is expressed 
by T cells. LFA-1 binds to ICAM-1 and is involved in 
leukocyte trafficking, T-cell activation, and adherence to 
connective tissue matrix. Consequently, efalizumab inhib- 
its T-cell activation by blocking costimulation by second 
signal. It also reduces T-cell trafficking into the diseased 
skin by preventing the firm adhesion of the leukocyte 
to endothelial cells [15]. In a double-blind, placebo- 
controlled trial, 48% of patients treated with efalizumab 
had greater than 50% reduction in skin disease compared 
with 15% in the placebo group [16]. An immunohistologic 
study showed decreased T cells and reduced expression of 
ICAM-1 in psoriatic plaques. 



Evidence Supporting the Importance of 
T Cells in PsA Pathogenesis 
Genetic association 

A significant association exists between susceptibility to 
PsA and HLA alleles: HLA-B27, HLA-B38, HLA-B39, and 
HLA-Cw6 are increased among people with PsA. HLA- 
Cw6 is strongly linked with PsA. HLA-B27 is predominantly 
associated with spondylitis, whereas the others occur more 
frequently among patients with peripheral arthritis. 

T cells are present in the PsA joint 

Several studies have compared the immunohistology of 
the synovia in patients with rheumatoid arthritis (RA) 
and PsA [17,18]. Van Kuijk et al. fl7] took multiple syno- 
vial biopsies from patients with PsA and compared them 
with those taken from patients with RA. T-cell infiltrate 
was found in both PsA and RA synovia, although T-cell 



numbers were lower in the former, but the ratio of CD4 
to CDS was similar. Synoviocyte and macrophage num- 
bers were comparable in both diseases. The expression of 
monokines TNF-a, IL-1, IL-6, and IL-IS, as well as that 
of matrix metalloproteinases, adhesion molecules, and 
vascular markers were similar for PsA and RA. Recently, 
lymphoid aggregates akin to germinal centers — which 
have been well described in RA— were also found on 
immunohistology of PsA patients [19]. These lymphoid 
aggregates are composed of T and B cells with coexpres- 
sion of the chemokines CXCL13 and CCL21. Although 
the presence of these aggregates was unrelated to disease 
duration or severity, disease remission was associated 
with absence of lymphoid aggregates. Costello et al. [20] 
compared lymphocyte subsets in paired synovial fluid and 
peripheral blood samples from patients with PsA and RA. 
They found that the ratio of CD4 to CDS T cells in PsA 
is lower than that in RA, especially in the synovial fluid 
and at the enthesis [21]. The dominance of CDS* T cells in 
PsA synovial fluid suggests that they — rather than CD4* 
lymphocytes — may be driving the immune response in the 
joint. This possibility is supported by an association of 
PsA with HLA class I, as reviewed above. 

T-cell function and phenotype in PsA 
An interesting study in an animal model by Zenz et al. 
[22] showed that deletion of JunB, a gene localized in the 
psoriasis susceptibility region PSORS6, led to a phenotype 
resembling psoriasis with associated arthritis. Interest- 
ingly, in contrast to the skin phenotype, the development 
of arthritic lesions requires T and B cells and signaling 
through TNF receptor 1 (TNFRl), which implies dif- 
ferent pathogenic processes in the development of skin 
disease and arthritis. 

Peripheral blood T cells in patients with PsA are activated 
Daoussis et al. [23] examined the expression of CD40 
ligand (CD40L), a costimulatory molecule and an early 
activation marker of T cells in patients with PsA, RA, and 
normal healthy controls. CD40L expression was increased 
in stimulated peripheral blood T cells from patients with 
PsA, especially in those with active disease, compared 
with RA and normal controls. Cyclosporin suppressed 
the expression of CD40L expression. CD40L is one of the 
strongest inducers of T helper (Th) 1 responses, although 
it stimulates both innate and adaptive immunity. The 
molecule is normally expressed by activated immune cells 
such as Th cells that act on dendritic cells to induce their 
maturation and capability of activating T cells. 

Raffeiner et al. [24] found increased expression of Toll- 
like receptors (TLRs), especially TLR-4 and to a lesser 
extent TLR-2, on CD4*CD28- T cells in patients with PsA 
when compared with controls [24]. TLRs are important 
in the innate immune response. They are expressed by 
immunocytes (ie, lymphocytes, monocytes, neutrophils, 
dendritic cells, natural killer cells, and B cells). They bind 
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to bacterial lipopoly saccharides. Receptor engageraent 
leads to the translocation of nuclear factor-KB and to gene 
transcription of proinflammatory cytokines. In the study 
by Raffeiner et al. [24], TLR-4 expression was increased 
in PsA, ankylosing spondylitis, and RA compared with 
controls. Increased TLR-4 is associated with increased 
release of perforin, which is cytolytic. TNF-a upregulates 
expression of TLR-4 and TLR-2. Conversely, TNF-a 
blockade reduces the expression of TLR-4 and TLR-2. 
TLR suppression may be one mode of action of TNF-a 
antagonists in PsA. Also, it may explain the well-known 
clinical phenomenon in which psoriasis can be precipi- 
tated by a streptococcal infection in guttate psoriasis. 

Evidence of oligoclondl expansion of synovial 
T cells in patients with PsA 

A small study compared T-cell receptor (TCR) VP usage 
between peripheral blood, skin, and synovia in patients 
with PsA and found oligoclonal expansion of T cells in the 
joint [25]. Researchers also found expansion in the skin, 
although no ubiquitous CDR3 nucleotide sequences were 
found, suggesting a limited set of conventional antigens 
may be driving T-cell proliferations. 

In a larger study, Costello et al. [26] examined the CD8* 
ap TCR repertoire in paired synovial fluid and peripheral 
blood of patients with active PsA. Similar to the previous 
study, this group found' oligoclonal expansions in the TCR- 
P chain, some of which were shared between simultaneous 
samples of synovial fluid and peripheral blood. Because more 
expanded clones were found in the synovial joint than in the 
peripheral blood, these clones were probably generated in 
the joint. CD4 T-cell oligoclonal expansion was present but 
in fewer numbers than CDS T cells, which implies that CD4 
T cells participate, perhaps by interacting cognitively to gen- 
erate the CDS clones. The same research group extended 
their work and found that 76% of T-cell clones from PsA 
joints were polyclonal and unexpanded [27]. Methotrexate 
decreased T-cell clones that were not structurally related. 
Hence, it is unlikely that their expansion is antigen driven. 
Only 12% of the clones were structurally homologous, 
suggesting antigen drive expansion. These clones were 
exclusively CDS in lineage, persisted during methotrexate 
administration, and were present in both synovial fluid and 
peripheral blood, which implies that their expansion was 
antigen driven and that they recognized a yet unidentified 
PsA antigen or autoantigen. 

These observations support the concept of a PsA patho- 
genesis model in which synovial inflammation is driven 
by antigens or autoantigens stimulating effector CDS* and 
regulatory CD4* T-cel^ clonal expansions. However, some 
researchers have argued that these clonally expanded T 
cells may not be responding to PsA antigens. They point 
to evidence suggesting that CDS* oligoclonal-expanded T 
cells in the joints are specific for a single epitope from an 
Epstein-Barr virus lytic cycle protein [28]. Therefore, these 
activated, virus-specific CD8* T cells could interact with 



synoviocytes— either by cell-cell contact or by a cytokine 
network — and play a bystander role in the maintenance of 
inflanmnation in patients with arthritis. 

Synovial T cells in PsA are functionally active 
A study by Partsch et al. [29] examined the synovial fluid 
of PsA patients, RA patients, and osteoarthritis controls 
and found that synovial T cells in PsA are functionally 
active. Thl and Th2 T-cell cytokines, IFN, IL-4, TNF-a, 
and IL-10 were found in PsA compared with osteoarthritis 
but with less frequency and amount than in RA. This find- 
ing was supported by the results of a study by Szodoray et 
al. [30], in which the levels of 23 circulating cytokines in 
patients with PsA and healthy individuals were measured 
using a novel protein array system. They found that serum 
levels of IL-10, IL-13, IFN-a, epidermal growth factor, 
vascular endothelial growth factor, fibroblast growth fac- 
tor, CCL4 (MIP-lp), and CCLll (eotaxin) are raised in 
patients with PsA relative to unaffected controls. These 
increased cytokine levels suggest broad activation of lym- 
phocytes and monocytes in patients with PsA. 

Activated T cells express Receptor Activator of 
Nuclear factor kB Ligand (RANKL), which provides a 
key activating stimulus to osteoclasts, resulting in osteo- 
clast differentiation and activation [31]. RANKL binds 
to RANK expressed by osteoclast precursors and osteo- 
clasts. In the presence of macrophage colony-stimulating 
factor, RANKL/RANK interaction stimulates ostcoclas- 
togenesis, resulting in bone resorption. Osteoprotegerin is 
a decoy receptor that competes with RANK for binding 
to RANKL, thereby acting as a natural-occurring antago- 
nist. In PsA synovia, RANKL is found in the synovial 
lining layer [32»]. RANK-positive osteoclasts are found 
at the pannus-bone junction. In contrast, osteoprotegerin 
expression is limited. In a parallel study, osteoclast pre- 
cursors were found to be increased in the peripheral blood 
of PsA patients but not in that of healthy controls. Fur- 
thermore, when PsA patients were treated with anti-TNF 
agents, the frequency of osteoclast precursors decreased 
significantly as early as 2 weeks after treatment initia- 
tion. This finding is supported by a study in which freshly 
isolated peripheral blood and synovial fluid mononuclear 
cells overexpressed RANKL and TNF-a [33]. 

The identification of a specific linkage of Thl7 in 
animal models of inflammatory diseases has generated 
enormous interest and has led to speculation about the role 
of these cells in the pathogenesis of many human diseases. 
This topic is discussed in detail by Fitch et al. in this issue. 

Anti-T-cell therapy in PsA 

Immunohistologic study of the PsA synovia before and 
after treatment with infliximab showed reduction in T 
cells in both the skin and synovia [34]. Similarly, the num- 
ber of macrophages in the synovial sublining layer was 
significantly reduced after infliximab treatment, although 
these changes were not due to apoptosis. 
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Lymphocyte depletion using fludarabine 
Fludarabine is a purine analogue licensed for the treatment 
of chronic lymphocytic leukemia. It inhibits DNA synthe- 
sis by interfering with ribonucleotide reductase and DNA 
polymerase. Treatment leads to profound depletion of lym- 
phocytes. In an early phase 2 trial in PsA, 15 patients with 
active disease refractor}' to disease-modifying antirheumatic 
drugs were randomized to fludarabine or placebo. Marked 
lymphopenia including CD4, CDS, and B cells was observed. 
American College of Rheumatology (ACR) 20 criteria were 
met by three of seven fludarabine-treated patients compared 
with none of the eight placebo-treated patients. Also, three 
of seven fludarabine-treated patients had more than 20% 
improvement in the PAST, compared with none of eight pla- 
cebo-treated patients. 

Alefaceptin FsA 

In an open-label study, alefacept was administered to 11 
patients with active PsA [35]. Treatment reduces synovitis 
and improves symptoms and signs. After treatment, six 
of 11 patients (55%) fulfilled the disease activity score 
response criteria. The ijumbers of lymphocytes (both CD4 
and CDS) and CD68 in the synovial tissue were reduced 
after 12 weeks of treatment. 

A subsequent large, randomized, double-blind, 
placebo-controlled trial studied the efficacy of alefacept 
in combination with methotrexate in 185 patients with 
active PsA. Alefacept, 15 mg, or placebo was administered 
intramuscularly weekly for 12 weeks in combination with 
methotrexate, followed by 12 weeks of observation dur- 
ing which only methotrexate treatment was continued. At 
week 24, 54% versus 23% of patients achieved an ACR20 
response in the alefacept and placebo groups, respectively (P 
< 0.001). In patients wifh psoriasis involving at least 3% of 
body surface area, PASI50 was achieved by 53% in the alefa- 
cept group and 17% in those receiving placebo (P < 0.001). 

Efalizumab in PsA 

A recent randomized, double-blind, placebo-controlled 
trial evaluated the efficacy of efalizumab in 150 patients 
with active PsA taking concomitant sulfasalazine or meth- 
otrexate [36]. After weekly treatment with 1 mg/kg of 
efalizumab or placebo for 12 weeks, 28% of efalizumab- 
treated patients achieved ACR20 response compared with 
19% of placebo patients. The difference was not statis- 
tically significant. The apparent negative effect could be 
confounded by inadequate dosage, although 1 mg/kg is 
effective for the treatment of psoriasis, or negative inter- 
action between sulfasalazine and efalizumab. 



Conclusions 

A substantial body of evidence from genetic association, 
immunohistologic, and therapeutic studies implicates T 
cells, especially CDS* lymphocytes, in the pathogenesis of 
PsA. The efficacy of anti-T-cell agents in PsA is suggestive 



but inconclusive; in particular, whether deletion of T cells 
is important in determining therapeutic benefit will need 
further research. 
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Abstract 

We review the contribution made by Cm* T cells to inflammation in the central nervous system (CNS) in Multiple Sclerosis (MS), and discuss 
their role in the animal model Experimental Autoimmune Encephalomyelitis (EAE). We show that the inflammatory cytokines interferon-gamma 
and interleukin-17 are differentially regulated in CNS-infiltrating CD4* and CD8"" T cells in EAE, and that CDS"" T cells regulate disease. In MS, 
CDS T cells appear to play a role in promotion of disease, so cytokine regulation is likely different in CD8* T cells in MS and EAE 
© 2007 Elsevier B.V. All rights k 
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Inflammatory T cells are critical to the initiation, progression 
and regulation of autoimmune pathology in the CNS. The 
pathology of MS, a progressively debilitating neurological 
disease of young adults, shows inflammatory demyelination 
correlated with axonal damage. In support of a role for autoimune 
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inflammation in MS, therapies directed at the inflammatory 
response have shown benefit (Amason, 1999). The CD4"^ and 
CDS"*" T lymphocytes that are present in demyelinating lesions are 
proposed to mediate demyelination and axonal damage (Comp- 
ston and Coles, 2002). This paper will review the evidence that 
CD8"^ T cells play an important role in MS, and describe studies of 
and discuss the status of CD8"^ T cells as a source of inflammatoiy 
cytokines in EAE, the most commonly-used animal model for MS. 

1.1. CD8* T cells in MS 

Although there is a prevailing opinion that MS is a CD4 T 
cell-mediated disease, there are data that CD8"^ T cells play an 
important role. As reviewed 'by Friese and Fugger and by Gold 
and colleagues, the proportion of CD8* T cells is higher in MS 
CNS than in blood, suggesting a selective infiltration process 
(Friese and Fugger, 2005; Gold et al., 2006). CDS* T cells ai« 
found proximal to damaged and demyelinated axons in CNS, 
and laser-capture microdissection of such CDS"^ T cells allowed 
TCR CDR3 analysis that suggested oligoclonal expansion of 
CDS"^ T cells in MS lesions, pointing to their active involvement 
in an immune process (Babbe et al., 2000). Such observations 
offer a potential resolution to the dilemma that MHC II, which 
presents antigenic peptides for elicitation of CY)4* T cell 
effector function, is less widely or prominently expressed on 
target cells in the CNS than KlHC I, which presents peptides to 
CDS"" T cells (Friese and Fugger, 2005). A role for CDS T cells, 
whose functions include cellular cytotoxicity, would help 
explain mechanisms of myelin and axonal damage in MS. 

1.2. CD8* Tcells in EAE 

The animal model of MS, EAE, is induced by immunization 
with antigenic proteins or peptides in adjuvant, or transfer of T 
cells fi-om mice so immunized. The consensus view is that EAE 
is a CD4'^ T cell-mediated disease (Gold et al., 2006). With rare 
exceptions the disease can be transferred between animals only 
with CD4" T cells, and ablation or blocking studies support that 
CD4'*' T cells are critical for disease. Most studies of the role of 
CDS'*" T cells in EAE describe a regulatory function. Again 
drawing on the comprehensive review from Friese and Fugger, 
CDS-/- or CDS-depletion either had no effect or worsened 
disease, and CD8-deficient mice showed exacerbated disease 
compared to wild-type animals (Friese and Fugger, 2005; Jiang 
et al., 1992; Koh et al., 1992). Similarly, EAE experiments in 
fi2-microglobulin-/-mice, in which CDS"^ T cells do not 
develop due to MHC I deficiency, support a regulatory role for 
these T cells (Linker et al., 2005). The MHC I-like Qa-1 locus, 
equivalent to HLA-E in humans, restricts peptide recognition by 
CDS"^ T suppressor cells, and these have been implicated in 
regulation of EAE in mice (Hu et al., 2004). A subpopulation of 
CD8* CD28~ regulatory cells has also been described, which 
can regulate EAE (Najafian et al, 2003). 

1.2.1. Induction of EAE by CDS* Tcells 

Nevertheless, three labs have reported that EAE can be 
induced by CD8^ T cells. Immunization of C3H mice with the 
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Fig. 1 . Mononuclear cells were isolated fiom the perfiised CNS of C57B1/6 mice 
with MOGp35-55 induced EAE using methods previously described (Wheeler 
et al., 2006). Cells were stained with antibodies against CD4 or CDS as well as 
anti-CD45 to define Cms^^'' blood-derived infilfrating leukocytes. Relative 
proportions of CD4' and CDS' T cells were measured by flow cytometric 
analysis (Wlieeler et al., 2006). Results are shown as percentages of the total T 
cell pool Aat were CD8*, for individual mice, plotted against the severity of 
disease at the time of collection of CNS-inflltrating cells. The correlation is 
significant (p<0.05. Spearman non-parametric test). Results fiom three separate 
experiments are combined in the figure. 



myelin basic protein (MBP) peptide p79 -87 induced a disease 
that was dominated by infiltrating CDS'" Tcells, and which could 
be transferred by intrathecal injection of CDS'*" T cells (Huseby 
et al., 2001). The MBP epitope was identified using an 
immunization strategy based on viral expression of MBP so as 
to elicit responses to 'naturally-processed' MHC I-associated 
epitopes (Ji and Goverman, 2007). Immunization of C57B1/6 
mice with the myelin oligodendrocyte glycoprotein (MOG) 
peptide p35-55 was also shown to induce a CDS'" T cell 
response which could transfer disease to wild-type as well as to 
T-cell deficient recipient mice (Sun et al., 2001). This same 
peptide is used to induce CD4*-mediated EAE in C57B1/6 mice, 
and has been shown to bind to l-A*", the MHC II molecule in this 
mouse strain. So it was significant that a third group showed that 
a nested peptide MOGp37-46 is a 'pure' D'' (MHC I) epitope, 
and they could use MHC I tetramers to identify peptide-specific 
CD8^ T cells in the CNS of mice with EAE (Ford and Evavold, 
2005). 

1.2.2. Regulation of EAE by CDS'* Tcells 

We have examined the role of CD8"^ Tcells in EAE in C57B1/6 
mice immunized with MOGp35 -55. Our findings support 
previous observations in SJL/J mice (Zeine and Owens, 1993), 
that CD4'^ T cells outnumber CDS* T cells in the CNS of mice 
with EAE, proportions of CDS"^ T cells in the CNS being in the 
10-30% range. By contrast in lymph nodes these proportions 
were equivalent. Interestingly, our data from a number of animals 
and experiments, show an inverse correlation between propor- 
tions of CDS"^ T cells and disease severity (Fig. 1 ). Despite inter- 
animal variability, this is statistically significant and suggests a 
regulatory rather than disease-inducing role for CDS"^ T cells. A 
potential mechanism for this could be differential cytokine 
production by CDS'" versus CD4* T cells. 
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1.3. Anti-cytokine therapy in MS and EAE 

There was considerable interest in the fact that CD8- 
induced EAE in C3H mice responded to anti-cytokine therapy 
more hke MS than did CD4-induced EAE. Disease was 
inhibited by anti-interferon-gamma (IFN-y) antibodies given 
intrathecally, and was unaffected by a tumor necrosis factor 
receptor (TNFR)-Fc fiision protein (Huseby et al., 2001). An 
analogous finding was made in a transgenic mouse in which 
ectopic expression of the costimulator ligand B7.2/CD86 leads 
to CD8-dependent CNS inflammation and demyelinating 
disease. In this mouse/ IFN-y-receptor deficiency blocked 
disease, as opposed to enhancing it, as occurs in CD4-induced 
EAE (Brisebois et al., 2006). The significance of these 
observations lies in the very different effects these interven- 
tions have had on MS and EAE. 

CD4"^ T cells that produce the cytokine IFN7 (Thl cells) 
are implicated in MS (Compston and Coles, 2002). Admin- 
istration of IFN7 to relapsing-remitting (RR)-MS patients 
increased attack rate, which returned to pre-treatment levels 
when IFN7 was withdrawn (Panitch et al., 1987). This study 
lacked the magnetic resonance imaging (MRI) oversight 
which today would be required for such a trial, but the 
increase in attack rate was indisputable. A more recent study 
described reduction in disease progression in secondary- 
progressive (SP)-MS, in patients given antibody against the 
IFN7 receptor (Skurkovich et al., 2001). Antibody against 
tumor necrosis factor-alpha (TNFct) was without effect in the 
same study. However, soluble TNFa receptor therapy had 
been shown in a separate trial to worsen symptoms and 
increase MRI lesion incidence in RR-MS patients (1999). 
TNFa-directed therapy is effective against rheumatoid 
arthritis (Feldmann and Maini, 2001), and it was striJcing 
that some individuals with RA developed neurological disease 
associated with anti-TNFp therapy (Feldmann and Steinman, 
2005; Steinman, 2007; van Oosten et al., 1996). Clearly, this 
therapy has very different outcomes in MS than in other 
chronic inflammatory diseases. 

1.4. Inflammatory cytokines in EAE 

In contrast to MS, administration of IFN7 to rats or mice 
ameliorated EAE, and anti-IFN-y antibodies made EAE worse. 
Also mice lacking IFN7 or its receptor showed severe non- 
remitting EAE (Owens et al., 2001; Willenborg et al, 1996; 
Steinman, 2007). Despite the observation that transgenic 
overexpression of IFN-y ip the CNS had pro-inflammatoiy or 
even frank demyelinating consequence (Owens et al., 2001; 
Popko et al., 1997), the consensus view is that IFN-y modulates 
or alleviates EAE. Also in contrast to MS, anti-TNFa 
ameliorated EAE in mice and TNFRI-deficient mice are 
relatively resistant to EAE (Owens et al., 2001). Interestingly, 
the IFN7 and TNFa observations can be linked mechanistically. 
We showed that IFN7 levels were greatly elevated in the CNS 
of TNFRI-deficient mice with mild EAE, consistent with a 
regulatory role for this cytokine and suggesting interplay with 
TNFa (Wheeler et al., 2006). 
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Fig. 2. Leukocytes were isolated from superficial lymph nodes of mice with 
MOGp35-55-induced EAE (VVlieeier et al,, 2006). Cells were cultured for 5 h at 
lO* cells/mL in flasks coated with anti-TCR3 antibody, under conditions that 
promoted intracytoplasmic accumulation of cytokines (as described by Wheeler 
et al., 2006). Cells were then divided into two pools, permeabilized, and stained 
with antibodies specific for either IFN7 and IL-17, and then each pool stained 
for both CD4 or CDS, conjugated to different fluorochromes, as has previously 
been described (%'heeler et al., 2006). Proportions of CD4* and CD8* cytokine- 
positive cells were determined by flow cytometric analysis, using a FSC/SSC 
'live cell' gate and using isotype-matched irrelevant antibodies as a refeience 
gating control. Results for individual mice are shown for each combination of 
antibody specificities. Results from three separate experiments are combined in 
the figure. Lymph node CD4* T cells produced both IFN7 and lL-17 whereas 
CDS* T cells only produced IFN7. 



1.5. Interleuldn-17 and Thl 7 cells 

The fact that mice lacking one chain of the heterodimeric 
lFN7-inducing cytokine IL-12 were resistant to EAE initially 
suggested a pro-encephalitogenic role for IFN^. However, it 
turned out that the p40 chain of IL-12 is shared by another 
cytokine, IL-23, and it was IL-23 deficiency, not IL-12 
deficiency, fliat explained disease resistance (Cua et al., 2003; 
Steinman, 2007). Unlike IL-12, IL-23 is not an inducer of IFN7 
but instead induces the cytokine IL-17, which has separately 
been implicated in EAE. It was recently shown tiiat IL-17 
deficient mice are relatively resistant to induction of EAE 
(Komiyama et al., 2006). However, unlike IL-23, IL-17 is not 
absolutely required for EAE. 

Attention has therefore focused to T cells which produce the 
cytokine IL- 1 7 (McKenzie et al., 2006). In one study, only CD4"^ 
T cells which produced IL-17 (Thl 7) could transfer EAE 
(Langrish et al., 2005). It was also shown directly and indirectly 
that mice lacking the IL-1 7-inducing cytokine IL-23 were EAE- 
resistant (Becher et al., 2002; Langrish et al, 2005). In actively- 
induced EAE, a subset of T cells that produce both IFN7 and IL- 
17 have been implicated in encephalitogenicity (Suryani and 
Sutton, 2007), Otiier studies have also shown that deficiency in 
IL-1 7-inducing but not in lFN7-inducing cytokines prevented 
EAE (Becher et al., 2002; Chen et al., 2006). The cytokines 
TGFp, IL-I and IL-6 can also promote IL-17 expression, and 
both IL-ip and IL-6 are critical for induction of EAE 
(Samoilova et al., 1998; Sutton et al, 2006; Veldhoen et al., 
2006). Mice lacking IL-1 7 develop EAE but onset is delayed and 
disease is less severe. MOG-induced EAE in IL-17-deficient 
mice was significantly more dependent on use of pertussis toxin 
as a co-adjuvant than in wild-type mice (Komiyama et al., 2006). 
Thl7 and Thl appear to counter-regulate each other's 
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Fig. 3. CNS-infiltratrng mononuclear cells were isolated from the perfused CNS of mice with MOGp35-55-induced EAE as described for Fig. 1 and previously 
(Wheeler et al., 2006). Cells from 3 mice were pooled and stained with antibodies specific for CD4 and CDS, differentiated by different fluorochromes, and also with 
antl-CD49a (VLA4) or CD62L (L-selectin), and analyzed by flow cytometry. Profiles show numbers of CDS* (open profile, gray line) and CD4* (open profile, black 
line) cells that stained with either of the Mabs specific for activation markers. Filled profiles in the left-hand panel show isotype-matched controls for activation 
markers on CD4* T cells (dark gray) and CDS* T cells flight gray). Isolype-matched controls have been omitted from the right-hand panel since the relevant staining is 
reduced and therefore would be obscured by them. The figure shows VLA4 staining was increased and L-selectin staining was reduced on both CDS* and CD4* CNS- 
infiltrating T cells. Results were replicated in 2 other experiments (not shown). 



production. The proportion of lymph node (LN) CDS"^ T cells 
that produce IL-17 (Tel 7) was greatly increased in IFN-y- 
deficient mice, over a very low number in WT mice (Koraiyama 
et al., 2006). This may help explain why IFN7-deficient mice 
have increased susceptibility to EAE (Ferber et al., 1996: 
Krakowski and Owens, 1996). Also, IL-17-deficient T cells 
produced more IFN7 (Komiyaina et al, 2006). The current view 
is that IL-17 is pro-encephalitogenic and that IFN7 plays a 
regulatory role in EAE (Steinman, 2007). 

1.6. CD8^ T cells and inflammatory cytokines 

CD8"^ T cells have long been recognized as a potent source of 
IFN7 (Kelso and Gough, 1988). Their role as cytokine- 
producing cells has received less attention than their cytotoxic 
potential. Nevertheless, the differential response of CD8- 
induced EAE to IFN7 blockade versus that of CD4-induced 
EAE led to speculation that the relative predominance of IFN7- 
producing CD8'^ T cells might account for these differential 
effects (Steinman, 2001). CDS" T cells in pooled lymph nodes 
of mice immunized for EAE did not produce detectable IL-17, 
unlike CD4"^ T cells (Koraiyama et al., 2006). Both pools of T 
cells were strong sources of IFN7. 

1.6.1. Cytokine production by CDS'" T cells in lymph nodes 

We have used intracellular cytokine staining to examine 
whether CD4"^ and CDS"^ T cells from individual mice with 
EAE produced IFN7 or IL-17. CNS-infiltrating or LN cells 
from individual mice were re-activated in vitro using plate- 
bound anti-TCRp antibody, stained with antibodies against 
CD4 and CDS, and then stained (separately) with either anti-IL- 
17 or anti-IFN7. In this way we could assess the association of 
each cytokine with CD4 or CDS. We confirmed by anti-TCRp 
staining that CD4 and CDS were expressed on T cells, and that 
there was no significant contribution to cytokine staining fi-om 



non-T cells (such as microglia in the CNS, or macrophages). 
Proportions of cells staining with anti-cytokine antibodies were 
evaluated using isotype-matched antibodies as a reference 

control. 

Fig. 2 shows quantification of staining of LN-derived CD4'*' 
and CDS* T cells with aiiti-IL-17 and anti-IFN7, from 14 mice 
with EAE. Consistent with qPCR findings (see below), 
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Fig. 4. CD4* and CDS* T cells were sorted using flow cytometric cell sorting 
from the per&sed CNS of a pool of 5 mice with MOGp35-55-induced EAE. 
RNA was isolated from sorted cells and mRNA for 18S rRNA as well as IFN7 
and IL-17 was analyzed by qPCR, as described in (Wheeler et al., 2006). RNA 
levels were normalized to 1 8S RNA for both pools of cells. Results are shown as 
meaniSEM of 2 separate experiments. nd=not detected. Message for both 
cytokines was readily detectable in CD4* T cells and undetectable in CDS* T 
cells. 
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significant proportions of CD4* T cells with positive staining 
for IFN-y and IL-17, as well as CDS*. T cells stained for IFN7, 
are readily apparent. By contrast, IL-17 was undetectable in 
CDS* T cells, staining of CDS* T cells with anti-IL-17 antibody 
being indistinguishable from the isotype control. Variability 
between animals was considerable, and even within positive 
groups there were individual mice with very low levels of T cell 
cytokine. Many of the low-expressors showed low disease 
severity, but this did not hold for all of them. 

1.6.2. Memory-effector status of CNS-inflltrating CD8* T cells 
To address whether CDS"^ T cells played an active role in the 

CNS, as opposed to having bystander status, we determined 
their activation status by staining for memory-effector markers. 
We measured expression levels of the adhesion ligands CD49a/ 
VLA4, or a4-integrin, upregulated on activated memory- 
effector CDS"^ T cells, and CD62L/L-selectin, which is down- 
regulated on tissue-infiltriting inflammatory T cells. Levels of 
expression of VLA4 and L-selectin were similar on CNS- 
infitoating CD8"^ and CDA* T cells, in both cases consistent 
with an activated, or memory-effector phenotype (Fig. 3). Such 
a phenotype is usually associated with cytokine production. 

1.6.3. Cytokine production by CD8* T cells in CNS 
Real-time RT-PCR (qPCR) analysis of IFN7 and IL-17 

mRNA in CD4* and CDS'" Tcells FACS-sorted from the LN and 
CNS of mice with EAE showed that, whereas CD4^ T cells 
produced readily detectable levels of both IFN-y and IL-17 
message in both LN and CNS, neither message was detectable 
from CDS"^ Tcells in the CNS (Fig. 4). However, CDS"^ Tcells in 
the LN produced equivalent levels of IFN7 as CD4" T cells. 
Limitations on numbers of sorted Tcells, especially the minority 
CDS"^ T cells, caution that relative RNA abundance may have 
contributed to the negative findings for CDS"^ Tcells in the CNS. 

Intracellular cytokine staining of cells isolated from the CNS 
of individual mice showed that proportions of CD4* T cells 
producing IFN7 or IL-17 were higher in the CNS than in LN. 
The maximum proportions of cytokine-producing CD4"^ cells in 
LN were 5 .4% for IFN7 and 5. 1 % for IL- 1 7 (in the same mouse), 
mean values being 2.1%±0.5 (SEM, n=I4) and 1.7%±0.3 
(SEM, « = 1 4), respectively. In the CNS, maximal proportions of 
CD4" cells were 25.0% 'for IFN7 and 24.6% for IL-17 (in 
different mice), and the mean values were 15.5%±1.3 (SEM, 
n= 14) and 12.8%± 1 .6 (SEM, «= 14), respectively Percentages 
of CD8"^ Tcells producing IFN7 in LN were in the same range as 
CD4's, the maximum being 3.2% (in the same mouse as showed 
highest proportions of cytokine-producing CD4* Tcells), with a 
mean value of 1.3%±0.3 (SEM, «=14). There was no 
correlation between the severity of disease and numbers of 
cytokine-positive T cells in the CNS. 

Because of the low numbers of cells obtainable from CNS of 
individual mice, percentages of cytokine-positive CDS'^ cells in 
the CNS could be skewed by even quite few non-specific 
events, and reliable estimates of proportions could not be 
obtained. It was difficult to discriminate positive events from 
background in many mice, and IFN7-producing CD8"^ T cells 
were convincingly stained in the CNS of fewer than 15% of 



mice. In these mice, about 20% of CD8* T cells in the CNS 
produced IFN7 protein. 

Taken together with the qPCR analysis, the findings confirm 
previous reports that CD8"^ T cells do not express meaningfiil 
levels of IL-17 message or protein, but may be a source of 
IFN7. However, CD8* T cells in the CNS of C57B1/6 mice with 
MOGp35-55-induced EAE are at best a poor source of IFN7, 
unlike those in LN or the CD4'^ T cells in either compartment. 
Their memory-effector phenotype is consistent with an 
infiltrating activated T cell subset, as has been shown for 
CD4"^ T cells in the CNS (Zeine and Owens, 1992). This raises 
questions whether entiy of IFN7-producing CDS"*^ T cells was 
selectively inhibited, or more likely, whether the CNS 
microenvironment does not support reactivation of this cell 
type or its IFN7 response. 

2. Conclusions and discussion 

Although it has been reported that CDS* T cells in peripheral 
lymphoid tissue do not produce IL-17, ours is the first study to 
examine CNS-infiltrating CDS's. By analyzing individual mice 
we could show that some of them contained IFN7-producing 
CD8* T cells. Despite fliat these were sporadic positives, 
presumably diluted out in the RNA pools analyzed by qPCR, 
and the fact that CD8* T cells are clearly not a major source of 
IFN7 in the CNS, their detection at all is more consistent with a 
regulatory role, as was also suggested by the inverse correlation 
of proportions of CD8* T cells with disease severity. 

These findings, taken together with three reports that CD8* T 
cells can be encephalitogenic, raise some questions. Can CDS* T 
cells be induced to express IL-17, and did that occur in CD8- 
induced EAE? These await results of ongoing experiments, but it 
is Ukely that under circumstances where CDS T cells are 
implicated in induction of CNS inflammation, they would not be 
an IFN7-biased cytokine-producing subset. There is now a 
convincing body of evidence that, in rodents, the cytokine IFN7 
exerts a regulatory role, as has been recently reviewed (Stein- 
man, 2007), added to by our recent finding that the regulatory 
role of IFN7 extends to TNFRI-deficient mice with mild EAE 
(Wheeler et al., 2006). 

This focuses attention to the inflammatory role of IL-17. 
Studies in rodents have conclusively demonstrated an unambig- 
uous pro-inflammatory role for IL-17 in experimental autoim- 
mune diseases (Steinman, 2007). While not absolutely required 
for EAE, unlike its inducer cytokine IL-23 (Langrish et al., 2005), 
IL-17 deficiency rendered mice significantly less susceptible to 
induction of disease (Komiyama et al, 2006). Requirements for 
induction of IL-17 include the aforementioned IL-23 as well as 
TGFp, IL-ip, and IL-6 (Samoilova et al., 1998; Sutton et al., 
2006; Veldhoen et a!., 2006). Whether these are also optimal 
inducers of IL- 1 7 in CDS* T cells and whether this lineage can be 
induced to express physiologically significant amounts of IL-17 
under any circumstance remains to be determined. Komiyaya et al 
also showed that some CD4* T cells produced both IL-17 and 
IFN7. This is particularly interesting in light of other data 
showing that IFN7 appears to counteract induction of IL-17, and 
that IFN7 mRNA levels were higter in IL-17-deficient mice 
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(Komiyama et al., 2006), so qne awaits information on the role of 
such double-producer T cells. 

The role of IL-17 in human inflammatory disease remains 
unresolved. In MS, there are now 2 reports of IFN7 
administration or blockade, both supporting a pathologic role 
for this cytokine (Panitch et al., 1987; Skurkovich et al., 2001). 
It was partly the lack of such evidence in rodents that impelled 
the research which led to elucidation of the Thl7 model. While 
there are reports showing expression of IL-17 and presence of 
Thl7 cells in human inflammatory disease (reviewed in 
(Steinman, 2007)), these studies are necessarily of the 'Guilt 
by Association' type and one must await the results of 
intervention experiments such as a clinical trial for better 
causative evidence. For now, it must be acknowledged that the 
case for a role for IL-17 has largely been made in animal 
models, not in MS itself It has been suggested that differential 
sensitivity of EAE versus MS to IFN7-based interventions 
could reflect differential participation of CD8^ T cells, although 
a mechanism for how this would occur has not been proposed. 

Our finding of a negative correlation between CD8* T cells 
and disease severity indirectly argues against a significant role 
for the nested MOGp37-46 peptide that has been reported to 
drive encephalitogenic CDS* T cells in mice immunized with 
MOGp35-55, at least in the context of our immunization 
protocol. It will be important to detennine the extent to which 
MHC I-binding myelin peptide epitopes are generated, and 
under what costimulatory circumstances they can induce a 
CD8^ 1 cell response. The findings in the present study suggest, 
that that response would need to include IL-17-producing CDS"^ 
T cells for encephalitogenicily, which by extension implies that 
such events must have occurred in MS. 
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; T lymphocytes' 

, leading to insulin-tl^p'^rtienf 'type' 
" -^universally recognized. Research focuses on 

pathogenic and nonpathrjgenic T cells, und« 

how they are primed and expanded, characterizing 
" antigen specificity, and ultimately on devising strategiep^ 

ti> blunt their autoaggressive action. In this review, wS"', 

foc us on recent progress ide;\tified in three different- .| 

areas. Results obtained with 

edge proinsulin's unique roll 

and suggest that other p-cell 
. a result of epitope spreading; at'least in lhe'i 
, diabetic mouse. Progress has also been achieved by,-. 

developing and validating reliable CD4'- and CD8"T-ce[l 
^: tests that may prove valuable for diagnostic and prog- 
" '^-nostic purposes in the near future. Finally, recent results 
; provide novel and important guidance for manipulating 
jyutoreactive T-celUesgpns|S;i 

Introduction 

Type 1 diabetes (TID) is a T-cell-mediated autoimmune 
disease targeting the insulin-producing P cells of the pan- 
creas. It has taken time to make this common knowledge. 

The emergence of this notion has followed a twisted 
intellectual journey. First, it was not evident until the 
1970s that TID was an autoimmune disease. The work 
of Bottazzo and the discovery of islet cell antibodies 
(ICAs) yielded the concept of an autoimmune pathogen- 
esis [1]. Following the paradigms of other diseases such as 
myasthenia gravis and Graves' thyroiditis, attention then 
focused on autoantibodies' pathogenic role. The ensuing 
studies have been important for advancing research on 
TID pathogenesis because essentially all antigens (Ags) 
targeted by autoreactive T lymphocytes have initially 
been identified as targets of autoantibodies. However, it 



is widely accepted today that the anti-islet autoantibodies 
do not play an essential role, with the possible exception 
of a modulating effect on the presentation of (i-cell Ags 
[2]. In humans, a case report describing TID development 
in a patient affected by X-linked agammaglobulinemia 
documented the dispensable nature of p-cell autoantibod- 
ies, although this does not rule out an adjuvant role of 
enhanced autoantigen presentation mediated by antibod- 
ies in other cases [3]. 

However, it was the availability of the nonobese dia- 
betic (NOD) mouse model in the 1980s that helped clarify 
T lymphocytes' central pathogenetic role. Several reports 
have greatly advanced our understanding of how this T- 
cell pathogenesis takes place. 



CD4* or CD8^T Cells? 

In light of the strong association between the major 
histocompatibility complex (MHC) class II locus and 
TID, CD4* T cells have long mesmerized investiga- 
tors. Frequently, several investigators could isolate from 
lymphocytic islet infiltrates bulk and cloned T-cell popu- 
lations causing disease upon transfer into iymphopenic 
NOD mice or when expressed in transgenic animals. The 
P-cell Ags recognized by several such clones, including 
clone BDC2.5, the most widely used and studied diabe- 
togenic CD4* T cell, remain to be identified [4]. However, 
data gathered more recently point to a parallel critical role 
of CDS* T cells in TID pathogenesis. NOD mice lacking 
MHC class I molecules [5-7] or injected with anti-CD8 
monoclonal antibodies [8] do not develop insulitis. More 
importantly, CDS* T cells specific for insulin Bj^ ^3 PI 
for islet-specific glucose-6-phosphatase catalytic subunit- 
related protein (IGRP)2og.jj4 [10] are early and critical 
actors in the TID pathogenesis of NOD mice [11,12]. 

Overall, CD4* and CDS* T cells are required for 
progression to TID [13-15], and diabetogenic clones 
(ie, clones capable of accelerating or inducing TID upon 
adoptive transfer in NOD or NOD/SCID recipients) have 
been described for the CD4* and CDS* subset. Three 
different CDS* T-cell clones derived from (pre)diabetic 
mice and specific for insulin Bj^ ^j [9], IGRP^^^^^^ [14] 
and dystrophia myotonica kinase (DMK)j3j [16] have 
been reported (also referred to as clones G9C8, 8.3, and 
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AI4, respectively). For each of these clones, transgenic 
T-cell lines expressing the relevant receptors have been 
produced and represent important tools for studying the 
role of CDS* T cells in TID. Interestingly, the insulin 
Bj^23 CDS* T-cell epitope overlaps with a CD4* 
epitope previously described as the target of a highly dia- 
betogenic CD4* T-cell clone [17].- 

Is There an Initiating Autoantigen/Epitope? 
Proinsulin (PI) is the only TID autoantigen expressed, 
next to thymic epithelial cells involved in T-cell education, 
exclusively in P cells. Pi's importance as an early target Ag 
is supported by data on PI knockout NOD mice. Different 
from humans, rodents express two PI isoforms, referred to 
as PIl and PI2. NOD mice defective for the PI2 gene, the 
prevalent isoform in the thymus, display accelerated TID, 
likely related to defective deletion of Pl-reactive T cells 
[18]. Consistent with t|jiis hypothesis, NOD mice are pro- 
tected from diabetes when a PI transgene is inserted that 
deletes the specific T cells in the thymus [19]. Conversely, 
NOD mice defective for the PIl gene, the prevalent iso- 
form in the islets but lacking expression in the thymus, 
are less susceptible to TID. However, PIl knockout islets 
transplanted into recently diabetic wild-type NOD mice 
become infiltrated and only transiently reverse TID, sug- 
gesting that PI is an early but not exclusive target [20]. 

Recent evidence from Nakayama et al. [21«*] further 
suggests that PI may be the initiating |3-cell Ag in TID. 
These authors produced NOD mice where the endogenous 
PIl and PI2 genes have been deleted and replaced by a 
hormonally active PI transgene carrying a single amino 
acid mutation at position B16 (tyrosine to alanine). These 
mice are completely protected from TID and insulitis 
[21»»]. Intriguingly, the introduced substitution affects PI 
recognition by CD4* and CDS* T cells: position B16 is an 
anchor for binding to the H-2 K"* in the immunodominant 
CDS* epitope Plgi^^j and an invariable T-cell contact in 
the equally immunodominant CD4* T-cell epitope Pl^^.^. 
These data suggest that recognizing these immunodomi- 
nant epitopes by CD4* and/or CDS* may be a mandatory 
early event in TID pathogenesis. 

To understand the mechanism of protection from islet 
autoimmunity by the B16 substitution, Nakayama et al. 
[22] undertook a series of adoptive transfer and immuni- 
zation studies. First, an active tolerizing effect of transgene 
expression (eg, due to promoter leakiness or to increased 
thymic PI expression) could be ruled out because transgenic 
expression of a PI molecule with the native Tyrl6 restored 
insulitis fully. Further experimentation suggested that the 
critical sequence in the PI B chain acts at two different 
levels: 1) for the initial priming of NOD anti-islet autoim- 
munity, as transplantation of NOD islets, but not bone 
marrow, expressing native PI sequences into mice carry- 
ing the PI-B16Ala tranSgene rapidly restored development 
of insulin autoantibodies and lymphocytic infiltration of 



recipients' islets carrying mutant PI sequences; and 2) for 
the effector phase, as splenocytes from B16-mutated mice 
transplanted with PI wild-type NOD islets induced TID 
when transferred into wild-type NOD/SCID or even into 
B16-mutated NOD/SCID mice. Also, splenocytes from 
mice immunized with native insulin B3.23 peptide induced 
rapid TID upon transfer only in recipients expressing the 
native PI sequence in their pancreata. Additionally, CD4* 
T cells from B16-mutant mice immunized with native 
insulin B^ peptide promoted insulin autoantibodies in 
NOD/SCID mice. Therefore, the provision of the native 
insulin B chain sequence is sufficient to prime anti-insulin 
autoimmunity, whereas subsequent transfer of TID after 
peptide immunization requires native insulin B chain 
expression in islets [22]. 

Studies by Krishnamurthy et al. [23»] further corrobo- 
rated the hypothesis that PI is the initiating Ag in the TID 
of the NOD mouse, because mice rendered tolerant to PI 
by transgenic overexpression of PI2 in Ag-presenting cells 
do not develop the immunodominant IGRP^gg^j^-specific 
responses and are protected from TID. Conversely, mice 
made tolerant to IGRP by the same means are not protected 
from TID [23»], suggesting that the IGRP-specific responses 
lay downstream of Pl-specific ones in the pathogenic cas- 
cade. The prerequisite of Pl-specific responses for TID to 
develop is also found in NOD8.3 mice, which are transgenic 
for a T-cell receptor recognizing the IGRPj^^ ^m epitope. 

Epitope Spreading and 
"Secondary" Autoantigens 

Despite strong evidence pointing to Pi's triggering role, 
identifying more autoantigens and examining T-cell 
responses to them remain a high-priority goal of TID 
research. Several considerations justify these efforts. First, 
the evidence supporting Pi's critical role has been obtained 
in the NOD model, and TID pathogenesis may be dif- 
ferent in humans. Second, once autoimmune T-cell (and 
B-cell) responses to P cells are initiated, the specificity of 
these responses rapidly enlarges to include more Ags, a 
phenomenon referred to as epitope spreading. As a result \ 
of this process, responses to the presumable triggering Ag 
can rapidly be "overgrown" by a secondary response, as 
exemplified by IGRP-specific CDS* T cells, which rap- 
idly outnumber Pl-specific cells in the NOD model [10]. 
Finally, in the inbred NOD mouse, some variation exists 
in the specificity of the CDS* T-cell response between 
individual mice, a minority of which displays dominant 
responses to the DMK Ag [24]. Such variation is more 
extensive in the outbred human population. Because epi- 
tope spreading may occur in all individuals displaying 
clear signs of P-cell autoimmunity and, therefore, eligible 
for Ag-specific immune intervention strategies that may 
become available in the future, numerous autoantigens 
must be studied to cover individual variation in the speci- 
ficity of autoimmune responses. 
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Although several autoantigens recognized by diabe- 
togenic CD4+ T ceils remain to be identified [4], recent 
data allow better assessment of two major autoantigens 
targeted by p-cell autoimmunity in NOD mice and 
humans: 65-kDa glutamic acid decarboxylase (GAD65) 
and tyrosine phosphatase-like molecule 512/insulinoma- 
associated protein 2 (IA-2). Knockout of the latter Ag in 
NOD mice did not prevent cyclophosphamide-induced 
diabetes, suggesting that IA-2, although required for 
normal glucose-stimulated insulin secretion, is dispens- 
able for TID development [25]. Using an even more 
conclusive approach, Jaeckel et al. [26] demonstrated that 
efficient tolerization of GAD65-specific CD4* T cells by 
transgenic GAD expression in professional Ag-presenting 
cells of NOD mice did not affect TID incidence or time 
of onset, suggesting that autoimmunity to this protein 
emerges downstream 6f earlier triggering events involv- 
ing other Ags. Conversely, when the same authors used 
a similar approach to induce PI tolerance, TID incidence 
was reduced. That some mice still developed TID was 
interpreted as evidence that autoimmunity to PI is not an 
absolute requirement for TID development. However, the 
fate of Pl-specific CDS* T cells was not addressed, and 
experimental evidence for tolerization of CD4* T cells was 
more difficult to obtain in this study than in the previous 
one concerning GAD65. Consequently, PI tolerance may 
not have been complete in Pl-transgenic mice [27]. Thus, 
considering current published evidence, only PI appears to 
be a plausible candidate for the role of a triggering auto- 
antigen in the NOD mouse. 

What Is the Mechanism of 
p-Cell Destruction? 

Han et al. [28»»] proposed an avidity maturation model 
in which the autoimmune evolution toward full-blown 
TID requires the gradual selection of P-cell-specific CDS* 
clonotypes of higher avidity [10]. Blunting of this avidity 
maturation process by peptide treatment effectively pre- 
vents disease. The corollary to this model is that peptide 
therapy should target immunodominant epitopes with 
peptides of limited affinity and/or in limited amounts. 
As shown for the IGRP^^^ immunodominant epitope 
of NOD mice, this is important to spare low-avidity clo- 
notypes, which can thus expand to occupy the intra-islet 
space left free by their high-avidity counterparts [28»»]. 
Otherwise, near complete deletion of the epitope-reactive 
T-cell pool enhances the recruitment of subdominant (yet 
pathogenic) specificities, which then can cause disease. 
This model may explain why previous attempts to silence 
human autoimmunity by peptide injection were unsuc- 
cessful [29] but seemed to work better at lower doses [30]. 
Peptide therapy in autoimmunity may be most effective 
under conditions that foster occupation of the target organ 
lymphocyte niche by nonpathogenic, low-avidity immu- 
nodominant clonotypes than by pathogenic subdominant 



ones. It remains to be seen whether protection from TID 
by low-affinity clones is a passive phenomenon, based on 
simple occupation by such clones of lymphoid "space," or 
involves an active regulatory mechanism. 

The mechanisms responsible for the final damage to 
the P cells remain uncertain. The fact that CD4* and CDS* 
T-cell clones can mediate TID development under certain 
conditions may suggest that cytokine- and cytotoxicity- 
mediated mechanisms are taking place. Besides a direct 
toxic effect on P cells, the role of Thl cytokines may also 
be to "sensitize" P cells for killing by inducing Fas expres- 
sion [31,32]. The cytotoxic activity may also be shared by 
P-cell-specific CD4* T cells, as CD4* T cells can also dif- 
ferentiate into cytotoxic T lymphocytes (CTLs) [33]. The 
lack of class II expression on p cells makes the Fas pathway 
more likely for CD4* CTLs after their Ag-specific activa- 
tion [34]. Perforin- and Fas-mediated killing mechanisms 
may instead be at play for CDS* T cells [35,36]. 

What Is the Evidence in Human TID? 

In contrast to all evidence in the NOD mouse, formal 
demonstration for T cells' pathogenic role in human 
TID is lacking. We know that CD4* and CDS* T cells 
are abundant in the TID insulitis infikrates [37] and that 
detecting CD4* and CDS* T-cell responses may offer new 
autoimmune markers for clinical applications [38,39,40*]. 
However, assessing whether P-cell-specific T cells are 
pathogenic would require demonstrating cytotoxic activ- 
ity in vitro and/or of pathogenic potential in adoptive 
transfer experiments in humanized mouse models. 

Another open issue is whether a similar Ag/epitope 
hierarchy can be established for human TID, as observed 
in the NOD mouse. Is PI also the initiating Ag for human 
disease? Only indirect evidence suggests that this could be 
the case. The genomic locus conferring TID susceptibility 
ranking second after the HLA class II region is a variable 
number of tandem repeats (VNTR) upstream of the PI 
gene promoter. Although the precise mechanism underly- 
ing increased TID susceptibility is unknown, protective 
(class III) VNTR alleles are associated with higher PI 
mRNA and protein expression in the thymus and, likely, 
more efficient deletion of Pl-reactive T cells [41]. Even 
though a recent clinical trial with subcutaneous insulin 
in at-risk subjects was unsuccessful [42], other regimens 
formulated from more recent data on Ag-based therapy 
[2S»«] may bring different resuks. Longkudinal analysis 
of the evolving p-cell-specific T-cell responses through- 
out the healthy prediabetic and diabetic period in selected 
high-risk subjects may also help to clarify this point. 

T-Cell Assays in Humans 

Although dirert evidence for a pathogenic or otherwise 
disease-modifying role of specific T cells will be difficult to 
obtain in humans, assays allowing for quantitative detec- 



104 Pathogenesis and Treatment of Type 1 Diabetes Mellitus 



tion and phenotypic and functional characterization of 
T cells recognizing p-cell Ags can provide information with 
diagnostic, prognostic, and therapeutic relevance in man- 
aging patients with TID or at high risk of developing it. 
Such assays might help to assess the disease risk in concert 
with, or independently of, autoantibody measurements. 
Moreover, they might provide guidance for immunointer- 
vention strategies (eg, by helping to choose the time point 
for intervention and/or the Ag targeted by it). Another 
possible application of such tests might be monitoring of 
immune intervention that if successful would be expected 
to alter the frequency 'and/or phenotype of autoantigen- 
specific T cells. Although developing reliable T-cell assays 
has been a research goal for many years, substantial prog- 
ress has only been seen in recent years. 

Assays measuring CD4* T-cell responses, long plagued 
by poor specificity and/or sensitivity, have recently been 
evaluated in a blinded fashion in a study sponsored by 
the Immune Tolerance Network. Whereas a standard 
proliferation assay using soluble Ags and interleukin-2 
addition showed excellent specificity (94%) but poor sen- 
sitivity (58%), an assay measuring proliferation to human 
pancreatic proteins added to cultures after blotting on 
nitrocellulose particles displayed excellent specificity 
(83%) and sensitivity (91%) [40»]. Thus, an assay using 
many of the identified autoantigens (PI, GAD, IA-2, and 
others) showed much lower sensitivity than one using 
bulk P-cell Ags, which may suggest that Ags remaining 
to be identified account for a significant proportion of 
P-cell targeted autoimmunity at TID onset. Although 
the source of antigenic material used in the latter assay 
(islets prepared from cadaveric human pancreata) may 
not conveniently be obtainable for more widespread use 
of the assay, it is encouraging that at least one group can 
distinguish TID patieijts and healthy individuals reliably 
in a CD4* T-cell assay. It is hoped that additional and less 
cumbersome assays (eg, ones reported to detect secretion 
of different cytokines by CD4* T cells from patients and 
controls in response to IA-2 and PI peptides [38]) will be 
validated in a similar fashion in the near future. 

Impressive progress has recently been achieved by 
several groups with CD8* T-cell responses against P-cell 
Ags. We initially used an enhanced "reverse immunology 
strategy" to identify six naturally processed, HLA-A2- 
presented epitopes derived from PI [43*]. More epitopes 
derived from GAD65 and IA-2 were identified upon 
DNA vaccination of If LA-A2 transgenic mice, followed 
by screening with splenocytes from immunized mice of 
candidate epitopes selected by a prediction algorithm 
[44]. Using the resulting panel of 20 epitopes, we found 
that an Elispot assay measuring interferon-y secretion by 
peripheral blood mononuclear cells from HLA-A2+ donors 
could discriminate patients at TID onset and controls, 
with sensitivity (86%) and specificity (91%) similar to 
that seen with the immunoblot test discussed above [39«]. 
Although these results remain to be validated with a larger 



number of patients and in blinded fashion, they suggest 
that CD4* and CD8* T-cell tests capable of reliable and 
specific detection of TlD-associated autoimmunity may 
be at hand. Once tests are validated, it will be a priority 
to analyze T cells from individuals at high risk for TID 
and to include pediatric patients in screening. The latter 
will be facilitated by the fact that the performance of our 
Elispot assay is identical when a restricted panel of five 
epitopes is used. 

Other groups also identified HLA class I (mainly 
HLA-A2) presented autoantigenic epitopes recognized by 
patient CTLs [45-48]. Even though most of these stud- 
ies did not provide statistically validated information on 
the suitability of the discovered epitopes for distinguish- 
ing patients from controls, covering a wide array of Ags 
and epitopes will be helpful for developing tests with wide 
population coverage. An interesting study published very 
recently found that tetramers of HLA-A2 with peptide 
GADjj^ j^, an epitope also immunodominant in our study, 
detect the same number of specific CD8* T cells in patients 
and controls; however, in patients (and not controls), many 
of the specific cells were found in the activated/memory 
CD45RO* fraction [49«]. Reconciling this report with our 
finding of exclusive responses to this and other epitopes 
by patient CTLs, naive-specific cells from healthy donors 
would not be expected to secrete interferon-y. 

Conclusions 

Although the notion of TID as an autoimmune disease 
first stemmed from the description of ICAs in patients, 
evidence gathered to date about the T-cell-medi- 
ated TID pathogenetic mechanisms comes from the 
NOD mouse model. Validating and transferring this 
knowledge to human TID will further deepen our 
understanding of the disease and may provide new 
inspiration for therapeutic interventions. 
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Abstract The inhibitors of HMG CoA reductase (statins) are widely used as cholesterol- 
lowering drugs with excellent safety records in hypercholesterolemic patients. Statins exert 
pleiotropic effects on a variety of cells, and they were recently described as a new class of 
immune modulators. Depending on their structure, dose, and route of administration, statins 
regulate the function of both the antigen-presenting cells and T-cells by HMG CoA reductase- 
dependent and independent mechanisms. Herein, we describe these mechanisms leading to 
prevention, amelioration, and reversal of autoimmune diseases. V\/e also present data from our 
laboratories showing for the first time that in a double transgenic mouse model for autoimmune 
diabetes, atorvastatin (lipitor) prevented the onset of disease when administered in the 
neonatal period, and stabilized the glucose levels when administered in mice developing a mild 
form of diabetes. 

© 2005 Elsevier Inc. All rights reserved. 



Introduction 

The inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG CoA) reductase (statins) are well known to improve 
prognosis in patients with high cholesterol and atheroscle- 
rotic cardiovascular disease. Clinical trials in this area are 
numerous and involve a variety of patients with or without 
overt evidence of vascular problems. Heart attacl<s, anginal 



* Corresponding author. FaW: +1 301 295 3557. 
E-mail address: tbrumeanu@usuhs.mil (T.-D. Brumeanu). 



symptoms, and strokes are all reduced. Suggested mechan- 
isms of benefit include removal of lipid from plaque, 
restoration of nitric oxide synthesis, and anti-inflammatory 
properties. Statins such as lovastatin, pravastatin, simvas- 
tatin, fluvastatin, and atorvastatin are currently used as 
cholesterol lowering drugs with excellent safety records in 
patients with hypercholesterolemia [1-3]. 

The endoplasmic reticulum (ER)-bound HMG CoA reduc- 
tase is the rate-limiting factor for cholesterol biosynthesis 
[4] (Fig. 1). Early observations in mice and rats indicated 
that HMG CoA reductase is mostly expressed in liver. Today, 
it is known that HMG CoA reductase is expressed in virtually 
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Figure 1 Mevalonate pathway of cholesterol synthesis. 



all tissues, including lymphocytes [5]. In fact, the HMG CoA 
reductase activity was, first measured in lymphocytes. The 
role of this enzyme in various cells (that are not the major 
source for cholesterol) may well explain the need for 
intracellular and plasma membrane cholesterol as an 
important constituent of lipid rafts [6]. The lipid rafts are 
insoluble microdomains in the plasma membrane that 
constttutively incorporate, or recruit under various circum- 
stances protein receptors involved in cell signaling mediat- 
ing cell growth, functional activities, and cell death [7]. The 
HMG CoA reductase enzyme is an AMP-activated protein 
kinase whose catalytic activity depends greatly on its 
phosphorylation /dephosphorylation status [8]. Phosphoryla- 
tion lowers the HMG CoA reductase catalytic activity and 
increases the susceptibility to degradation [9]. Mevalonate, 
which is a major metabolite of HMG CoA reductase activity, 
is actively involved in the normal feedback regulation of 
HMG CoA reductase. Mevalonate as well as 25-hydroxycho- 
lesterol, low-density lipoproteins, insulin, glucagon, thyroid 
hormone and estrogens, can regulate HMG CoA reductase 
activity at transcriptional and translational levels [10]. 

The primary effect of statins on lowering the blood 
cholesterol (by as much as 65% in the case of atorvastatin) is 



mainly attributed to inhibition of HMG CoA reductase 
[11,12]. Besides their cholesterol-lowering effect, statins 
exert pleiotropic effects on various types of cells, among 
them antigen-presenting cells (APC) and T-cells. These 
effects may or may not depend on the HMG CoA reductase 
pathway. That is because HMG CoA reductase leads not only 
to cholesterol synthesis, but also to the generation of 
several isoprenoid Intermediates. Isoprenylation of proteins 
has an important role in cell signaling. It is mediated by 
prenyltransferases that covalently link the farnesyl and 
geranylgeranyl groups (isoprenoids) to the proteins, and 
enable them to relocate to the plasma membrane. Inhibition 
of protein prenylation by statins leads to inactivation of 
small GTP signaling proteins such as Ras. These proteins are 
signal transducers involved in lymphocyte activation. Ras 
proteins are farnesylated, whereas Rho, Rac, and Rab 
proteins are geranyl-geranylated or prenylated. Ras and 
Rho proteins connect the extracellular stimuli with down- 
stream kinases such as AAAPK, ERK, c-Jun N-terminal kinase 
(JNK), and p38aAAAPK [13]. ERK is mostly activated by 
mitogens, whereas JNK and pBSoMAPK are activated by 
stress-inducing factors and pro-inflammatory cytokines such 
as INF-T and TNFa It has thus been suggested that statins- 
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mediated inhibition of protein isoprenylation is a major 
mechanism responsible f6r suppression of lymphocyte func- 
tion. Such effect is highly desirable in autoimmune diseases 
and allograft rejection [14,15]. 

Modulation of T-cell function by statins 

Studies of the effects of statins led to the conclusion that 
these drugs represent a new class of immune modulators. 
The interaction between the major histocompatibility 
complex (MHC) charged with antigenic peptides on antigen 
presenting cells (APC), and the T cell receptor (TCR) on T- 
cells (signal 1) is known to mediate T-cell responses in 
mammalians. At the same time, more than 40 different 
accessory molecules on APCs interact with their ligands on T- 
cells to provide adhesion and enhance the T-cell response 
(signal 2, costimulation). Among these, LFA/iCAM-1 and 
CD40/CD40L interactions play an important role. However, 
the archetype of T-cell costimulation is the interaction of 
CD80 and CD86 (B7.1 and B7.2) on APCs with their CD28 
receptor on T-cells. 

Statins can alter both signal 1 and 2 of T-cell activation, 
either indirectly by interfering with APC function, or 
directly by affecting T-cell function through mechanisms 
that may or may not involve HMG CoA reductase pathway of 
cholesterol synthesis. 

Effects of statins on APCs 

Deficient antigen presentation to T-cells through MHC II 
molecules on APCs can negatively regulate the T-cell 
function. It is well know that the MHC class II molecules 
are constitutively expressed on professional APCs, i.e., 
dendritic cells and B lymphocytes, but their expression can 
also be induced by IFN-7 on endothelial cells, myocytes, 
fibrocytes, and microglia [16]. Kwak et al. studied the 
regulatory effect of atorvastatin on both MHC II expression 
on professional APCs and IFN-7-induced MHC II expression on 
human endothelial cells and monocytes [15]. The authors 
found that atorvastatin effectively repressed induction of 
MHC II expression by IFN-y without affecting the constitutive 
expression of MHC II on professional APCs. The addition of 
mevalonate to the cell cultures abolished the inhibitory 
effect of atorvastatin, suggesting that blockade of HMG CoA 
reductase is part of these statin-induced negative regulatory 
mechanisms. Atorvastatin repression of tFN-7-inducible MHC 
II expression was attributed to inhibition of the inducible 
promoter IV of CIITA. The CIITA transactivator is critical for 
up-regulation of MHC II expression by IFN-7 [17]. It thus 
appears that inhibition of MHC class II expression on APCs is a 
mechanism by which statins can lower the amplitude of a T- 
cell response by minimizing the extent of antigen presen- 
tation to T-cells by APCs. Neuhaus et al. found that 
atorvastatin can also inhibit the constitutive expression of 
MHC class II molecules oVi human B cells [18]. Simvastatin 
was reported to inhibit the IFN-7-inducible CIITA promoter 
leading to lower expression of MHC class 11 in human vascular 
endothelial cells [19]. The authors further concluded that 
atorvastatin did not affect MHC I expression. 

Another negative regulatory effect of statins on APCs may 
relate to inhibition of migration and secretion of inflamma- 
tory factors. Obviously, lower number of APCs at the site 
where T-cells accumulate and receive stimulation by APCs 



and a lack of inflammatory factors in the milieu can impair 
T-cell activation and proliferation. Macrophages can process 
and present tissue antigens. Their migration and activation 
depend on several matrix metalloproteinases such as MMP-1 
(collagenase-1), MMP-3 (stromelysin-1 ), and AAMP-9 (gelati- 
nase-B) [20,21]. Ruvastatin was shown to inhibit expression 
of AAMP-9 in vitro [22] and accumulation of macrophages in 
vitro and in vivo [23] through down-regulation of E-selectin 
and ICAM-1 expression on endothelial cells [24]. 

Reduction in T-cell activation by APCs may be also 
achieved by impairing APC-T cell adhesion, e.g., through 
reducing interaction of ICAM-1 on epithelial cells with LFA-1 
on T-cells. Epithelial cells are known to present antigen to T- 
cells, and to up-regulate expression of MHC class II molecules 
upon stimulation with IFN-7. Moreover, LFA-1 not only 
promotes adhesion of T-cells to APCs but also provides 
costimulation to T-cells upon ligation by ICAM-1. Lovastatin 
and mevastatin can reduce the LFA-1 -/ICAM-1 mediated 
adhesion and its costimulatory function in T-cells [25]. Kallen 
et al. noted that inhibition of LFA-1 /ICAM-1 interaction relies 
on binding of lovastatin to a conserved domain of LFA-1, 
namely the CDIIa l-domain [26]. Also, cerivastatin, a 
chemically synthesized statin, was able to suppress expres- 
sion of ICAM-1 on APCs in Lewis rats and prevent acute graft 
rejection of allografts from Fisher rats [27]. 

Deficient costimulation of T-cells provided by APCs is 
another mechanism by which APC function can lower T-cell 
activation. The CD40 expression on APCs, and particularly on 
endothelial cells, Is up-regulated by INF-y and TNFa 
inflammatory cytokines. Atorvastatin, cerivastatin, and 
pravastatin were able to reduce by 50% the INF-7 and 
TNFa-induced CD40 expression on endothelial cells through 
mechanisms independent of HMG CoA reductase inhibition. 
This was concluded because addition of mevalonic acid did 
not reverse the inhibitory effect of these statins on 
endothelial cell CD40 expression [28]. These mechanisms 
appeared to rely on inhibition of NF-kB and STAT-1 tran- 
scription factors that regulate expression of interferon 
regulatory factor 1 (iRF-1), which in turn, governs the IFN- 
7-inducible expression of CD40. In contrast, the same drug 
atorvastatin inhibited the IFN-7-inducible expression of 
CD40, CD80, and CD86 on microglia by an HMG CoA 
reductase-dependent mechanism [29]. 

A low proliferative capacity of APCs will subsequently 
result in a low number of APCs able to present antigen to T- 
cells, which, in turn, leads to deficient T-cell activation. The 
oxidized low-density lipoprotein (Ox-LDL) induces macro- 
phage proliferation through secretion of granulocyte/ mac- 
rophage colony-stimulating factor (GM-CSF) and subsequent 
activation of p38aAAAPK. Cerivastatin and simvastatin were 
found to inhibit Ox-LDL-induced proliferation of macro- 
phages but not Ox-LDL-induced GM-CSF production [30]. In 
fact, these statins inhibited the GM-CSF-dependent 
p38o(MAPK by a mechanism relying on membrane transloca- 
tion of small G proteins such as Ras and Rho, suggesting that 
statin anti-proliferative effect on macrophages is mainly 
attributed to the suppression of the GM-CSF-induced Ras and 
Rho-p38oiMAPK signaling initiated by Ox-LDL. 

In conclusion, the APC function can be down-regulated by 
statins at various levels: (1) antigen presentation, (2) 
adhesion with T-cells during antigen presentation, (3) 
costimulation, (4) activation and proliferation, and (5) 
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migration at the site of inflammation. These effects are 
more or less evident depending on the type of statin as well 
as on the type of APC. 

Effects of statins on T-cells 

Statins can have differential effects on T-cells depending on 
their structure, dose, and route of administration. In 
healthy humans, administration of 20 mg/day of atorvasta- 
tin for 14 days led to down-regulation of MHC II and CD38 
activation marker on peripheral T lymphocytes, whereas 
treatment with 40 mg/day of simvastatin for 14 days 
upregulated both MHG II and cb38 molecules on T-cells 
[31]. Apparently, these contrasting effects of atorvastatin in 
particular, on MHC il and CD38 expression, are dose 
dependent. 

Among all statins, fluvastatin and lovastatin were 
reported to exhibit the strongest suppressogenic effect on 
T-cells. Regardless of cholesterol reduction, oral adminis- 
tration of fluvastatin for 3 weeks in Lev/is rats inhibited T- 
cell responses through inactivation of NF-kB transcription 
factor [32]. Also, fluvastatin was shown to reduce up to 90% 
the proliferation of human lymphocytes in response to CD3 
stimulation [33]. The inhibitory effect of fluvastatin oc- 
curred in the context of a reduced functional activity of Ras- 
dependent extracellular signal-regulated kinase pathways, 
and Rho-dependent p38a MARK kinase activation. Fluvasta- 
tin-induced suppression of T-cell proliferation was pre- 
vented by the addition of mevalonate or a farnesyl 
transferase inhibitor. First, these data revealed an HMG 
CoA reductase-dependent mechanism of T-cell suppression 
by fluvastatin, and second, they suggest that the drug 
inhibits subcellular pathways mediated by isoprenylation of 
signal peptides, including Ras, Rho, and related G-proteins. 

Another mechanism of T-cell suppression is targeting the 
non-TCR (alternate) pathway of activation, i.e., intracellu- 
lar calcium mobilization, inositol phosphate production and 
tyrosine phosphorylation of PKC-yl and downstream events 
such as MARK phosphorylation. Lovastatin blocked these 
proximal events in T-cells leading to suppression [34]. As 
these events occur independently of the TCR-mediated Ras 
signaling pathway, the suppressogenic effect of lovastatin 
could be explained by uncoupling of this alternative 
pathway of cell activation and proliferation. 

Lovastatin was also reported to inhibit T-cell prolifera- 
tion by suppression of cycle progression [35,36]. At equimo- 
lar concentrations, simvastatin and pravastatin suppressed 
T-cell proliferation, but to a lesser extent than Lovastatin 
[37]. Lovastatin-, simvastatin-, and pravastatin-induced T- 
cell suppression was prevented by the addition of mevalo- 
nate. The cell cycle progression involves activation of 
several kinases among which PKC. The HMG CoA reductase 
expression was found upregulated in CD3-stimulated T cells 
by a PKC-dependent pathway [36]. As the HMG CoA 
reductase generates mevalonic acid and its metabolites, 
data from the above studies suggest that one or more of 
mevalonate metabolites play critical role in cell cycle 
progression in T cells. The mevalonate pathway generates 
isoprenoids tike geranylgeranyl and farnesyl moieties vital 
for various cellular function, including cell growth [38]. 
Thus, it has been shown that grovrth-regulating p21-ras 
proteins encoding for Ras proto-oncogenes and oncogenes, 
requires covalent famesylation for anchoring to the plasma 



membrane [39-41]. There is a body of evidence shovring 
that inhibition of mevalonate synthesis (by statin-mediated 
inhibition of HMG CoA reductase) prevents famesylation of 
these proteins [39-44] with a subsequent block of cell 
growth [45]. Early studies showed indeed that HMG CoA 
reductase-dependent synthesis of cholesterol is also impor- 
tant for IL-2-mediated DNA synthesis in T cells (a major 
growth factor for T-cells), since inhibition of HMG CoA 
reductase by compactin (a strong competitive inhibitor) 
suppressed IL-2-mediated DNA synthesis and subsequently T 
cell growth [46]. 

Another mechanism of cell suppression by lovastatin pro- 
drug (-lactone ring) refers to the HMG CoA reductase- 
independent inhibition of proteosome degradation of p21 
and p27 cell cycle inhibitors [47]. The lovastatin pro-drug 
does not Inhibit the HMG CoA reductase, but it does inhibit 
the proteosome-mediated degradation of p21 and p27 cell 
cycle inhibitors. The addition of mevalonate abrogated the 
lovastatin pro-drug induced cell arrest in the G1 phase, 
suggesting that the mevalonate itself or one of Its metabo- 
lites increases the activity of proteosomes leading to 
intracellular degradation of p21 and p27 cell cycle inhibitors. 

Atorvastatin and simvastatin could also suppress T-cell 
cytotoxicity through down-regulation of FasL expression on 
the cell surface [48]. It is well know that Fas-FasL 
interaction is a major mechanism of T-cell death. Mevalo- 
nate and geranylgeranylpyrophosphate but not farnesylpyr- 
ophosphate prevented the suppressive effect of atorvastatin 
and simvastatin on T-cell cytotoxicity. This indicated first, 
that atorvastatin and simvastatin suppressogenic effect is 
HMG CoA reductase dependent, and second, that geranyla- 
tion but not famesylation is a critical event for FasL 
expression. Since RhoA is known to increase FasL expression, 
and RhoA Is actively Involved In protein prenylation, it has 
been suggested that the mechanism underlying atorvastatin 
and simvastastin suppression of FasL may well rely on FasL 
prenylation. 

Fas receptor, a member of tumor necrosis factor family, is 
expressed on T-cells, and its expression is increased upon 
cell activation. It has been shown that mevastatin leads to 
spontaneous clustering of Fas receptor in skin cells leading 
to apoptosis follovinng enhanced association of Fas with its 
signaling molecule FADD and caspase 8 [49]. Apoptosis in 
these cells occurred in the absence of FasL, and thereby the 
authors hypothesized that statins may induce spontaneous 
FasL-independent apoptosis in certain types of cells by a 
mechanism relying on cholesterol dependent re-distribution 
of Fas on cell surface with subsequent concentration in 
plasma cell membrane. Mevastatin also Induced apoptosis of 
myeloma cells (U266 cell line) through the Increase of 
caspase activity and depolarization of mitochondrial mem- 
brane, as well as repression of BcL-2 anti-apoptotic mes- 
sage. This apoptotic mechanism was not dependent on 
death-ligand/death-receptor pathway Involving TRAIL, 
TNFR or Fas receptors [50]. 

Would alteration of these signaling events by statins lead 
to apoptosis in T-cells? Several reports indicated that 
cerivastatin, lovastatin, atorvastatin, simvastatin, and pra- 
vastatin do not induce apoptosis in T-cells [29,51-53]. 

Suppression of T-cells by atorvastatin was shown to occur 
by accumulation of p27 cell cycle inhibitor and a sustained 
phosphorylation of ERK1 [54]. Also, treatment of natural 
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killer (NK) T cells with lovastatin significantly suppressed 
their toxic effect on erythroleukemic target cells, and the 
suppression was abrogated by mevalonate [55]. Interesting- 
ly, IL-2 prevented lovastatin-induced suppression of these 
NK cells wnthout affecting cholesterol biosynthesis or HMG 
CoA reductase pathway [56]. At higher doses in vitro (10 
nM), lovastatin suppressed the NK T-cell cytotoxicity by 
more than 90%, and the phytohemagglutin- and concavalin 
A-induced T-cell prolifer'ation by more than 80 and 30%, 
respectively [35]. These observations raised the concern of 
possible alteration of lymphocyte functions in patients 
undergoing prolonged therapy with statins. However, Peter- 
son et al. demonstrated in a large number of patients with 
hypercholesterolemia undergoing lovastatin therapy (20 
mg/day) for 8 weeks continuously that the number and 
function of T cells, B-cells, NK cells, as well as the level of 
immunoglobulins were not significantly reduced as com- 
pared to a placebo group [57]. One may consider that 
differences between the in vitro and in vivo assays may 
relate not only to the concentration of drug per se but also 
to the type of cell microenvironment in which statins exert 
their effects. ' 

Perhaps, the most studied effect of statins-mediated 
protection in autoimmune diseases is Th1/Th2 immune 
deviation. The CD4 Thi response is pathogenic, while the 
CD4 Th2 response is protective in most organ-specific 
autoimmune diseases. Polarization of the immune response 
towards a Th2 anti-inflammatory response by statins was 
observed in several animal models for autoimmune diseases 
and in T-cell cultures. Thus, low doses of lovastatin 
administered to SJL/J mice induced expression of GATA-3 
and phosphorylation of STAT6 (transcription factors involved 
in T2 differentiation) whilst inhibiting phosphorylation of 
Jak2, STAT4, T-bet, and NF-kB (involved in Thi differenti- 
ation) [61]. As expected, these mice showed a stabilized 
production of IL-4 and lower levels of iFN-7. Also, atorvas- 
tatin was found to shift the polyspecific T-cell response 
towards a Th2 phenotype in humans and in mice [58-60]. 
Studies by Hakamada-Taguchi et al. revealed that among 
cerivastatin, simvastatin, lovastatin, atorvastatin, and pra- 
vastatin, the cerivastatin was the most potent statin in 
altering the Th1 /Th2 balance towards a Th2 phenotype [51 ]. 
Pravastatin did not affect the Th1 /Th2 balance, and this was 
correlated with its hydrophilicity, that could presumably 
impede the drug penetration through the cell membrane. 
Statin-induced Th2 deviation occurred mostly by Thi 
suppression and less by Th2 augmentation regardless of 
genetic background. The'Th2 shift was HMG CoA reductase- 
dependent, since it was abrogated by mevalonate. Finally, 
the authors showed that the Th2 shift induced by statins 
occurred in the presence or absence of APC, indicating a 
direct effect on T-cells. 

As described above, it seems that some statins alter the 
T-cell function by a dual mechanism: Thi suppression and 
Th2 deviation. This dual mechanism is supported by 
Affymetrix gene microarray data showing a differential 
repression vs. up-regulation of immune-related genes in T- 
cells treated with lovastatin. Thus, some 140 genes encoding 
for leukocyte specific markers and receptors, mc, cytokine 
receptors, chemokine receptors, adhesion molecules, and 
components of cellular 'activation were repressed, while 
only 14 genes were up-regulated, i.e., peroxisome prolif- 



erators-activator receptor 7 and the Th2 cytokine genes IL- 
4, IL-10, and TGF1 [61]. 

A key step in pathogenesis of inflammation mediated by 
lymphocytes is their ability to migrate and adhere to 
endothelial cells. Lovastatin was shown to inhibit migration 
of lymphocytes through the brain endothelial cells in a Rho- 
dependent manner [62]. Lovastatin also decreased tissue 
infiltration with lymphocytes by inhibiting expression of 
vascular cell adhesion molecule-1 (VCAM-1) and E-selectin 
inducible by activation of PI-3K kinase/PKB (Akt)/NF-KB 
pathway in endothelial cells [63]. 

Some of the statin-mediated regulatory mechanisms 
leading to altered signaling expression of protein receptors 
critical for cell activation and proliferation of APCs and T- 
cells were attributed to the integrity of lipid rafts in plasma 
membrane. The lipid rafts are insoluble microdomains of 
plasma membrane made of cholesterol and glycosphingo- 
lipids [64,65]. These microdomains allow segregation of 
protein receptors through the lipid tail of glycosylpho- 
sphatidylinositol (GPI) leading to receptor compartmental- 
ization into macromolecular signaling modules named 
signalosomes [66] The lipid rafts are essential for signaling 
of T and B-cells, and APCs [67-69]. Recently, it has been 
shown that simvastatin down-regulates expression of MHC 
class II and class I, CD19, CD40, CD80, CD83, CD86, and CD54 
on APCs, as well as the expression of CD3 CD4, CDS, and 
CD28, on T-cells by disrupting the lipid rafts [70]. Simvas- 
tatin did not alter expression of CD45 molecules that usually 
do not segregate with lipid rafts in T-cells. Evidently, 
disruption of lipid rafts by statins may alter not only the 
antigen presentation by APCs, but also T-cell activation and 
differentiation with subsequent alteration of cytokine 
production and cytotoxicity. We found that lovastatin- 
mediated inhibition of HMG CoA reductase led to a 
decreased content of cholesterol in plasma membrane of 
T-cells, and this was associated with a Thi predominant 
response in vitro [Brumeanu et al., unpublished results]. 

Disruption of lipid rafts by lovastatin was also associated 
with decreased expression and shedding of CD30 activation 
marker on lymphocytes by a mechanism of increased activity 
of TNFa-converting enzyme (TACE) residing in non lipid rafts 
microdomains [71]. Soluble CD30 was shown to suppress the 
Thi response. Disruption of lipid rafts by statins can also lead 
to impairment of CD43 redistribution in plasma membrane 
wfith a subsequent decrease in T-cell motility [72]. 

Data presented in this chapter indicated that modulation 
of T-cell function by statins occurs by several complex 
mechanisms. The lipid rafts play a critical role in cell 
signaling, and their synthesis and composition depend on 
endogenous production of cholesterol controlled by HMG 
CoA reductase. It is likely that the mechanisms by which 
statins (as inhibitors of HMG CoA reductase pathway) induce 
alterations of APC and T-cell functions can involve the lipid 
rafts microdomains in plasma membrane. 

Suppression of autoimmune responses by statins 

Suppression of APC and T-cell function by reduction of MHC 
class II expression, inhibition of motility or expression of 
costimulatory ligands, or induction of T-cell hyporesponsive- 
ness and immune deviation by statins has found several 
therapeutic applications in organ transplantation and auto- 
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immune diseases. In these pathological conditions, down- 
regulation of a polyspecific, self-reactive T-cell response is a 
desirable therapeutic approach. Statin effects were ob- 
served in several autoimmune diseases. 

Multiple sclerosis (A^S) is a chronic inflammatory demy- 
elinating disease of the central nervous system in which the 
lesions in the brain and spinal cord are mediated by 
inflammation leading to demyelination, axon loss, and 
gliosis. Recent studies revealed autoimmune patterns of 
demyelination involving T cells and macrophages, as well as 
antibody/complement as effector mechanisms. Treatment 
of MS has advanced in recent years, v/ith the introduction of 
beta-interferons, glatiramer acetate and mitoxantrone. 
However, not all MS patients respond well to treatment 
with these drugs, most likely due to disease heterogeneity. 
Statin therapy was recently investigated in MS patients and 
in experimental autoimmune encephalomyelitis (EAE), and 
proven to have down-regulatory effects on several key 
mechanisms involved in AAS pathogenesis. Thus, atorvastatin 
was able to reverse paralysis in the central nervous system 
of EAE mice mainly by a Th2 anti-inflammatory immune 
deviation. Down-regulatory effects of atorvastatin on the 
immune function, i.e., inhibition of MHC class II, CD40, 
CD80, CD86 expression, suppression of IFN-7 secretion, 
interference with leukocyte migration and induction of 
apoptosis in Thi inflammatory cells, were also demonstrat- 
ed in the EAE model [29]. Lovastatin could also attenuate 
EAE by protecting the peroxisomal function in central 
nervous tissue through protection of catalase and DHAP-AT 
transcripts [73] and inhibition of Rho-mediated transen- 
dothelial migration of T-cells in central nervous system [62]. 
These studies demonstrated that statins like atorvastatin 
and lovastatin exert neuroprotective effects, which provides 
rational grounds for designing of new immune therapeutic 
strategies in MS (reviewed in ref. [74]). Statins are now 
being studied as therapeutics in N& and Clinically Isolated 
Syndrome. 

Rheumatoid arthritis (RA) is a systemic inflammatory 
polyarthritis that destroys the synovial joints, and is 
associated with high prevalence of heart disease and 
cardiovascular mortality. The T and B-cell autoimmune 
responses against collagen in synovial joints plays an 
important role in the pathology of RA. The RA patients 
frequently show accelerated atherosclerosis [75], which was 
correlated with endothelial dysfunction due to persistent 
Inflammatory damage. The beneficial effect of statins in RA 
refers to their anti-inflammatory capacity, inhibition of 
lymphocyte migration, adhesion, and growth, as well as 
inhibition of nitric oxide bioavailability in the milieu [76- 
78]. Simvastatin was shown to improve the endothelial 
function [79]. However, in a model for human rheumatoid 
arthritis, a short-term administration of either simvastatin, 
atorvastatin, or rosuvastatin showed minimal anti-arthritic 
activity as indicated by the clinical and histological para- 
meters (synovial hyperplasia, exudate, cartilage damage), 
and immunological and biochemical parameters (anti-type II 
collagen IgG production, and IL-6, amyloid A, and glucocor- 
ticoid production) [80). In contrast, long-term administra- 
tion of 20 mg Atorvastatin per day for 12 weeks significantly 
reduced arterial stiffness in RA patients, although minimal 
changes in serum inflammatory markers were observed [81]. 
A large clinical trial on 1 16 RA patients treated for 6 months 



with higher dose of atorvastatin (40 mg/day) showed that 
the disease activity variables and circulating vascular risk 
factors were significantly improved in 95% patients [82]. 
Similar outcomes were obtained in patients with different 
inflammatory rheumatic diseases refractory to conventional 
therapy when treated with simvastatin (80 mg/day) for only 
8 days [83]. The validation of simvastatin potential thera- 
peutic effect was demonstrated in a Thi -driven model of 
murine inflammatory arthritis, in which the drug was used in 
doses smaller that those required for reduction of blood 
cholesterol levels [53]. It thus appears that the benefit of 
statins therapy In RA Is promising but still needs to be 
investigated, particularly In relation to the type of statins 
and regimen of administration. 

Systemic lupus erythematosus (SLE) is a multisystem 
disease characterized by a wide variety of immunological 
disorders. Atorvastatin was reported to inhibit B-cell 
secretion of anti-dsDNA IgG antibodies and decrease the 
immunoglobulin deposition in kidney with subsequent 
improvement of glomerular function in a mouse model for 
lupus [84]. The disease progression was significantly 
reduced in these mice. This was associated with reduced 
polyclonal T-cell response in the context of inhibition of 
CD80 and CD86 expression on B-cells and monocytes. 
Interestingly, a lupus-like syndrome was reported in 
animals treated with fluvastatin and simvastatin [85,86]. 
Initially, these observations suggest that the beneficial 
effect of statins in lupus may depend on their chemical 
structure. 

An undergoing clinical trial is carried out at National 
Institutes of Health (Bethesda, USA) using atorvastatin 
(Hpitor) In children with SLE. Children and adolescents with 
SLE represent 15% of all SLE patients. Children with SLE 
suffer high morbidity affecting many organs, and their 
lifespan is significantly reduced. As these children survive 
into adulthood, atherosclerotic cardiovascular disease has 
emerged as a major concern. SLE is also a significant risk 
factor for myocardial infarction and death in young pre- 
menopausal women with SLE. Acceleration of atherogenesis 
in SLE most likely reflects SLE-associated vascular Immune 
and Inflammatory changes. 

Statins have shown to reduce mortality and morbidity 
from atherosclerosis in adults by anti-inflammatory effects 
and immune modulatory properties. These anti -inflamma- 
tory and immune modulatory activities may have particular 
benefit In the prevention and treatment of atherosclerosis 
in SLE. This trial will evaluate atorvastatin in children with 
SLE in a large cohort of pediatric SLE patients. 

The therapeutic effects of statins were tested In several 
other autoimmune animal models. Thus, autoimmune myo- 
carditis induced in Lewris rats by immunization with myosin 
was attenuated after 3 weeks administration of fluvastatin 
[32]. The therapeutic effect was associated with inhibition 
of T-cell responses, particularly of Th1 response, and 
suppression of inflammatory cytokines in myocardium via 
inactivation of NF-kB. These effects occurred independently 
of fluvastatin -mediated cholesterol reduction. The apopto- 
tic effect of statins like simvastatin on the infiltrating 
lymphocytes was found beneficial in patients with autoim- 
mune Hashimoto's thyroiditis, since tiieir thyroid functions, 
i.e., TSH levels, were significantly improved [87]. In 
contrast to atorvastatin, lovastatin suppressed the ocular 
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pathology, retinal vascular leakage, and lymphocyte infil- 
tration into the retina in mouse models of autoimmune 
retinal disease [88] as wtell as in autoimmune uveitis [89]. 
The therapeutic benefit of lovastatin were correlated vnth 
the drug ability to inhibit Rho GTPases-dependent prenyla- 
tion of ICAM-1, an adhesion molecule with a role in 
lymphocyte migration, rather than to a Th2 immune 
deviation. In patients with primary biliary cirrhosis, an 
autoimmune disease of the liver with inflammation of small 
and middle-sized bile ducts and high titer of antimitochon- 
drial antibodies (AAAA), simvastatin treatment led not only 
to reduction of cholestasis, but also lowered AAAA titer [90]. 
These observations highlighted a differential activity of 
statins in different autoimmune conditions. 

Prevention of type 1 diabetes by atorvastatin 
(lipitor) 

Type 1 Diabetes (T1D, Insulin-dependent diabetes mellitus, 
IDDM) is a chronic autoimmune disease resulting from T-cell- 
mediated destruction of pancreatic -cells [91]. To date, the 
autoimmune phenomena in T1D has been the most studied. 
In humans as well as in non-obese diabetic (NOD) mice, 
susceptibility to the disease is conferred by the expression 
of particular MHC class- 1 1 alleles and non-MHC class II allele 
[92]. Epidemiological data demonstrating geographical dif- 
ferences in the incidence and prevalence of IDDM [93], age 
of onset [94], seasonally [95,96], and discordance for 
diabetes in monozygotic' twins [97] indicate that environ- 
mental factors are also involved in the pathogenesis of 
IDDM. Among these, infectious, chemicals, and dietary 
factors are prominently involved, although the underlying 
mechanisms by which these factors contribute to the disease 
are still unclear [98]. The genetic background and environ- 
mental factors lead to the initiation of an autoimmune 
process against the pancreatic -cells, culminating in -cell 
destruction and loss of insulin secretion. 

In humans and animal models for spontaneous autoim- 
mune diabetes, the T-cell reactivity against -cell antigens, 
i.e., glutamic acid decarboxylase 65 (GAD65) [99], insulin 
[100], tyrosine phosphatase IA-2 [101], heat shock protein 
60 (hsp60) [102], and thd islet-cell antigen 69 (ICA69) [103] 
have been demonstrated. The pathogenicity of CD4 T-cells 
in diabetes is closely related to the Thi cells, while 
protection is associated with Th2 and CD4 T regulatory cells 
[91,104]. 

We have used a TCR-HA/RIP-HA double transgenic (dTg) 
mouse model for T1D to test the effect of atorvastatin on 
the course of disease. The TCR-HA/RIP-HA dTg mice express 
the hemagglutinin protein (HA) of PR8 influenza virus in 
pancreas within the rat insulin receptor (RIP-HA), and at the 
same time an HA1 10-120 specific T cell receptor (TCR)-HA) 
on T-cells. We previously showed that these mice develop 
pancreatic infiltration with lymphocytes some 5 days after 
birth, and hyperglycemia 30-35 after birth [105]. Regard- 
less the gender, some of these mice develop an aggressive 
T1 D and have a short life (2-3 months), whereas some mice 
develop a milder form of T1D and live longer (4-5 months). 
The hyperglycemia in mice with aggressive T1D can be 
detected as early as 4-5 weeks after birth, whereas in those 
developing the mild form of disease is detected 7-8 weeks 
after birth. 



Fourteen day-old prediabetic TCR-HA/RIP-HA dTg 
newborns (n = 12) were treated orally with Atorvastatin 
(Lipitor in saline, 10 mg per Kg of body weight) for 14 days, 
every other day. Glycemia was measured by-weekly, 
starting 1 week after beginning of the treatment. Soiro 
80% of mice (n = 10) were euglycemic for 7 months after 
interruption of treatment, whereas the dTg control mice 
(treated with saline) developed hyperglycemia by day 30— 
35 after birth and survived only 4-5 months (Fig. 2). The 
pancreas of protected mice analyzed 1 week after 
interruption of treatment was free of lymphocyte infiltra- 
tion, and showed normal levels of intra-islet insulin. In 
contrast, the control mice showed hyperglycemia higher 
than 600 mg/dl, massive p-islet infiltration with lympho- 
cytes, and poor intra-islet secretion of insulin (Fig. 3). 

Further analysis of the protected mice showed a Th2 
prominent phenotype in spleen 1 week after interruption of 
treatment, whereas the diabetic mice showed a dominant 
Thi response (Table 1 ). However, there was no significant 
alteration in the proliferative capacity of CD4 T-cells upon in 
vitro polyclonal stimulation with ConA in atorvastatin- 
treated mice as compared with the control group. Several 
transcription factors involved in Thi and Th2 differentiation 
were analyzed 1 week after interruption of treatment in 
negatively-immunosorted, splenic CD4 T-cells by RT-PCR. 
The results indicated an increase in the mRNA levels for 
STAT6, cAAAF, and GATA3 (Th2 transcription factors) in mice 
protected by atorvastatin, whereas the diabetic ones 
showed higher expression level of mRNA for STAT4 and T- 
bet (Thi transcription factors (Fig. 4). 

Using the same regimen of administration, we have also 
tested the effect of atorvastatin (lipitor) In already 
hyperglycemic dTg mice. Interesting enough, 40% of those 
mice (n = 4) developing the mild form of T1D showed 
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Figure 2 Glycemia levels in dTg mice treated with atorvasta- 
tin (lipitor). Shown are the Atorvastatin treated mice (n = 12 ± 
S.D.) vs. those untreated. Ttie doted line indicates the upper 
limit of normoglycemia as determined in a cohort of 21 Balb/c 
mice after 12-h fasting. 
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Figure 3 Histopathology of pancreata in dTg mice protected by atorvastatin (lipitor) . Siiown are cross-sections of the pancreas from 
dTg mice treated (or not) with atorvastatin. Upper panels, hematoxylin-eosin stain. Lower panel, intra-islet staining of insulin with a 
rabbit anti-insulin- HRP conjugate at 200x magnification. Lymphocyte infiltrates of the islet were detected only in the untreated dTg 
mouse. As shown, the intra-islet secretion in the untreated mouse is significantly lower than in the control and atorvastatin-protected 
mouse. 



stabilized levels of glucose in blood (450-500 mg/dl) and 1 
mouse out of 10 showed a normal level of glycemia (138 
mg/dl) after only 3 oral doses of lipitor. In contrast, under 
the same regimen of administration, hyperglycemia was not 
affected in mice developing the aggressive form of T1D. The 
antl-diabetogenic effect of lipitor is currently investigated 
in our laboratory in NOD female mice at various stages of 
disease. Although the experiments in hyperglycemic dTg 
mice did not reach the biostatistic relevance yet, one may 
assume at this very moment that atorvastatin therapeutic 
effect could be more beneficial in prevention, before, and 
at the onset of diseases, than in a more advanced stage of 
disease. 

As in humans withiTID and in NOD mouse model for 
human T1D, in the TCR-HA/RIP-HA dTg mice, the disease is 
driven by Thi cells. Our data indicated for the first time that 
HMG CoA reductase inhibitors like atorvastatin can down- 
regulate the function of diabetogenic CD4 T-cells by means 
of Thi /Th2 deviation. At present, we have not investigated 
whether the Th1/Th2 deviation in dTg mice is the only 
mechanism of protection, and whether atorvastatin-induced 



Table 1 Cytokine secretion by splenic cells from cQ^^rtJj^,,' 
protected by atorvastatin (lipltop)- . 'ifiSii'"S''^' 


Cytokines 


3-month-old dTg 
mouse (t^ntreated) ' 


3-month-old dTg"^^ 
mouse (Lipitor-treated) 




(pg/ml ± S.D.) 




IL-2 
IL-4 
IFN-y 


920 ± 57 
112 ± 40 
1.250 ± 8.7 


415 + 7.2 
828 ± 10.1 
651 ± 3.5 


Cytokines were detei mined by ELISA 
presence of CD3/CD28 polyclonal stm 
the cytokine levels .n the cell cults 


in a, 3-day culture in the 
Motion. Values represe^tt; 


obtained for other 3 dTg mice protected by atorvastatin. 



Th2 deviation depends solely on the inhibition of HMG CoA 
reductase. 

Our data raised the question whether the anti-diabeto- 
genic effect of atorvastatin in these mice may contribute to 
improvement in pancreatic |i-cell function, in addition to its 
regulatory effect on T-cells. At first, some data in the 
literature indicated that inhibition of prenylation by lova- 
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Figure 4 Expression of Thi and Th2 transcription factors in 
dTg mice protected by atorvastatin (lipitor), Lane 1 , a 3-month- 
old diabetic (untreated) dTg mouse. CD4 T-cells were isolated 
from spleen of mice treated or not with atorvastatin, and RNA 
extracted and RT-PCR carried out using specific primers as we 
previously described [112]. Une 2, a 3-month-old atorvastatin- 
treated dTg mouse. Similar results were obtained in other 3 dTg 
mice protected by atorvastatin. 
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statin in normal rat islets reduced the glucose-induced 
insulin secretion by 50% [106]. This was associated with 
accumulation in the cytosolic compartment of small GTP- 
binding proteins involved in insulin secretion due to a 
deficient isoprenylation. It has been also reported that 
lipophilic statins like simvastatin, but not the hydrophilic 
ones like pravastatin, can inhibit glucose-induced cytosolic 
Ca^* and insulin secretion in normal rat p-islets by a 
blockade of the L type Ca2+ channels [107]. 

Several beneficial effects of statins on the pancreatic p- 
islets have been also described. Thus, pravastatin improved 
the insulin secretion by p-islets transplanted in dogs with 
pancreatectomy for 12 weeks, and considerably prolonged 
their survival. This was associated with a reduced nonspe- 
cific periislet inflammation [108]. Nonspecific inflammation 
is a major cause of early loss of p-islets grafts. Also, 
lovastatin showed an anti-fibrotic effect on pancreas, since 
it was able to inhibit the serum-, and platelet-derived 
growth factor-stimulated pancreatic stellate cell activation 
and proliferation [109]. The pancreatic stellate cells (PSC) 
play an important role in developing pancreatic fibrosis. The 
PSC are activated by pro-inflammatory cytokines by a Ras- 
Raf-ERK signaling pathway towards a myofibroblastic phe- 
notype with increased secretion of extracellular matrix 
proteins. The authors suggest that the anti-fibrinogenic 
mechanism of lovastatin may rely on HMG CoA reductase 
inhibition with subsequent inhibition of isoprenylation 
required for activation of Ras-Rasf-ERK pathway of PSC 
activation and proliferation. Furthermore, fluvastatin was 
shown to protect against the oxidative damage of pancreas 
that occurs by formation of reactive oxygen species [110], 
and simvastatin was reported to exert protection against 
pancreatic p-cells apoptosis through activation of PI-3K/Akt 
signaling pathway and decreased phosphorylation (activa- 
tion) of Bad pro-apoptotic protein [.111]- 

In summary, the data reported in literature refer mostly 
to the prevention and symptoms amelioration in several 
organ-specific autoimmune diseases, i.e., multiple sclero- 
sis, rheumatoid arthritis, autoimmune myocarditis, autoim- 
mune uveitis, autoimmune Hashimoto's thyroiditis, and 
systemic lupus erythematosus. Our data indicated that 
atorvastatin (lipitor) had therapeutic effects in mice with 
type 1 diabetes, particularly when administered before the 
onset of disease. With the exception of atorvastatin, which 
induces a shift from Thi to Th2 cell response, the 
predominant therapeutic effect o other statins refers to 
the suppression of Th1 anti-inflammatory response, apo- 
ptosis, or anergy of the autoreactive lymphocytes. Statins 
exert pleiotropic effects depending not only on the cell 
type, but also on the type of statin. At the same time, a 
particular statin may interfere with various signaling 
mechanisms in a given cell type. Taking into account these 
considerations, one may achieve optimal therapeutic 
effects in autoimmune diseases and grafts transplantation 
by considering 3 major parameters: the type of cell target, 
the type of statin, and the regimen of administration. One 
might also want to consider that, although some statins 
may not exert strong regulatory effects directly on auto- 
reactive T-cells, they may efficiently down-regulate the 
inflammatory reactions of APCs and other cell types 
responsible for systemic complications like in overtly 
autoimmune diseases. > 
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Abstract: ilecently, several new classes of agents were developed to treat patients wifli malignant diseases. This progress 
has been based on the advances made in our understanding of critical pathways involved in tumor development and 
growth. Dysregulated processes leading to uncontrolled regulation of proliferation, cell cycle progression, angiogenesis 
and apoptosis have provided rational targets for novel therapies. Compounds inhibiting protein phosphorylation and signal 
transduction like tyrosine kinase inhibitors and inhibitors of proteasomal degradation have demonstrated promising results 
and were approved for the treatment of patients with malignant diseases. However, based on in vitro and in vivo studies, 
there is now an emerging evidence that these agents can affect the fanction and differentiation of normal, non-malignant 
cells like dendritic cells or T lymphocytes, resulting in immunosuppression. In our review we present recent data on the 
immune regulatory effects of tyrosine kinase inhibitors like imatinib that is approved to treat chronic myeloid leukemias, 
or inhibitors of FLT3, currently used to treat acute leukemias, as well as proteasome inhibitors and peroxisome prolifera- 
tor-activated receptor agonists and discuss their possible role and application in the treatment of autoimmune and graft 
versus host disease. 

Key Words: Tyrosine kinase inhibitors, proteasome, autoimmunity, graft versus host, immunosuppression. 



IMMUNE REGULATORY EFFECTS OF TYROSINE 
KINASE INHIBITORS 

In the last years, progress has been made in the develop- 
ment of new targeted cancer therapies using compounds like 
tyrosine kinase inhibitors that affect signal transduction path- 
ways involved in tumor growth or angiogenesis. 

One of these drugs, imatinib (Gleevec), is an inhibitor of 
the Abl protein tyrosine kinases (v-ABL, BCR-ABL, and c- 
ABL) [1-5], platelet-derived growth-factor receptor (PDGF- 
R) [6, 7], c-KIT (CD 11 7) [8], Abl related gene (ARG) [9] 
and macrophage colony stimulating factor receptor (c-fms) 
[10]. It is approved tor the treatment of chronic myeloid leu- 
kemia {CML), and in many patients, complete hematological 
and cytogenetic responses could be induced [2, 3, 11-13]. 
Imatinib is also active in accelerated phase or blast crises 
CML and in patients with primary, relapsed or refractory 
Philadelphia chromosome positive (Ph j acute lymphoid 
leukemias (ALL) [14, 15]. Moreover, imatinib is used in the 
treatment of patients with gastrointestinal stroma tumors 
(GIST) caused by activating mutations of c-KIT or PDGF- 
Ra [16-18] and myeloproliferative disorders witti mutations 
in the gene encoding PDGF-R [19-21]. 

The moderate hematological side effects observed with 
imatinib therapy are dose-dependent and reversible, and 
analyses with GIST patients suggested that they are caused 
at least in part by direct inhibition of normal hematopoiesis 
[16, 22]. Further investigations revealed that imatinib indeed 
not only acts on malignant cells, but also affects the fimction 
of normal, non-malignant cells. Although not affecting stem 
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cells, imatinib treatment decreased the expansion of normal 
CD34+ progenitor cells [23]. Dewar and colleagues showed 
that imatinib inhibits the development of the monocyte/ 
macrophage lineage from CD34-I- progenitor cells in vitro 
and also impedes the differentiation of monocytes into macro- 
phages [24]. Moreover, they showed that the functional ca- 
pacity of cultured monocytes is impaired [25]. Studies with 
dendritic cells (DCs) revealed that their differentiation from 
CD34-I- progenitor cells as well as monocytes is affected in 
the presence of imatinib [26, 27]. The drug reduces the ca- 
pacity of DCs to stimulate T cells [26, 27]. These inhibitory 
effects of imatinib on DC development and function were 
further confirmed in vivo in a mouse model [28]. Feeding of 
animals with imatinib resulted in a reduced number of DCs 
as well as impaired protective anti-mmor responses [28]. 
These effects are at least in part mediated via inhibition of 
RelB signaling, a member of the NF-kB transcription factor 
family [26, 27]. Interestingly, imatinib-treated DCs were 
able to activate NK cell effector functions in vitro and in 
vivo, thereby providing a novel anti-tumor activity of the 
drug [29]. Imatinib was also shown to impede the prolifera- 
tion [30] and activation [31] of T cells by inhibiting early 
signaling via the T cell receptor [32], resuhing in reduced 
interleukin-2 production by the activated T cells [32]. 

Interestingly, regression of type II diabetes was reported 
in patients treated with imatinib [33, 34]. Moreover, two 
studies in mice have demonstrated that imatinib treatment 
reduced diabetes-associated atherosclerosis [35] and diabetic 
nephropathy [36], indicating that PDGF-dependent pathways 
might be involved in these conditions, providing a target for 
imatinib. 

In a murine model of systemic lupus erythematosus (SLE), 
a systemic autoimmune disease, imatinib treatment improved 
the progressive inflammatory glomerular disease and sur- 
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vival of treated animals [37, 38]. Overexpression of PDGF 
has been assumed to be involved in disease progression. 
However, inhibition of immunological and inflammatory 
processes might also play an important role. 

FLT3 receptor tyrosine kinase represents a novel possible 
target for the development of new cancer therapies. In- 
creased levels of f'ltS are associated with leukemia and 
mutations leading to constitutively active FLT3 signaling, 
the most common genetic alterations in acute myeloid leu- 
kemia (AML) patients, are associated with a poor prognosis 
[39-41]. Therefore, several FLT3 inhibitors have been devel- 
oped for the treatment of AML that are currently analyzed in 
clinical trials [42-48]. 

In several in vitro and in vivo models, it has been demon- 
strated that the presence of FLT3 ligand (FLT3L) can medi- 
ate the development of both myeloid DCs (mDCs) and plas- 
macytoid DCs (pDCs) from CD34+ progenitor cells and 
plays a central role in the differentiation of DCs from early 
progenitor cells [49-52]. In a recent study, Tussiwand and 
co-workers showed that the receptor tyrosine kinase inhibitor 
SUl 1657, which is active against FLT3, vascular endothelial 
growth factor receptor (VEGF-R), PDGF-R and c-KIT, in- 
hibits pDC development in mice in vitro and in vivo [53]. 

These effects on DC development and function might be 
exploited for the therapy of diseases, where DC dysfimctions 
and/or activated T cells might contribute to the disease mani- 
festation. DCs play a pivotal role in the induction of central 
as well as peripheral tolerance [54, 55]. It is flierefore con- 
ceivable that dysfiinctioning of DCs results in the presenta- 
tion of autoantigens on mature DCs, leading to stimulation of 
autoreactive T cells instead of their anergy, resulting in auto- 
immunity. In several model systems, DCs have indeed been 
shown to induce and maintain autoimmune diseases [56, 57], 
indicating a crucial involvement of these cells in the devel- 
opment of autoimmunity. Defects in DC apoptosis might 
also be important in this regard. A recent report showed ac- 
cumulation of DCs and induction of autoimmunity after 
blocking normal apoptosis of DCs [58]. 

Interestingly, dysregulation of pDCs was also suggested 
to be involved in the manifestation of autoimmune diseases 
like SLE and Sjogren's syndrome (SS), as those patients 
have an activated interferon-a system [59-62]. 

Inhibition of DCs with imatinib or compounds targeting 
the FLT3 system might therefore provide a helpful alterna- 
tive for treatment of these patients. Furthermore, malignant 
diseases evolving from cells with DC phenotype like Langer- 
hans histiocytosis may be suitable for such a therapeutic ap- 
plication. 

Another interesting and promising therapeutic approach 
to exploit the inhibitory effects on DCs is the reduction of 
complications after transplantations where residual host DCs 
are involved in flie initiation of graft versus host disease 
(GVHD) [63-67]. This alloinunune attack on host tissue is 
mounted by donor T cells after allogeneic bone marrow or 
mobilized blood stem cell transplantation. It primarily affects 
skin, gut and liver and is a major toxicity that limits the effi- 
cacy of this treatment. As skin is the organ most commonly 
affected in GVHD, several studies have been carried out 
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targeting Langerhans cells (LCs), the major antigen-presen- 
ting cell population in the skin. Depletion of these cells be- 
fore transplantation prevented GVHD in a mouse model [67] 
and in human in vitro systems [68, 69]. 

EFFECT OF PROTEASOME INHIBITORS ON NOR- 
MAL CELLS 

Proteasome inhibitors like bortezomib have shown prom- 
ising results in the treatment of various malignant diseases 
like multiple myeloma [70-73], non-Hodgkin lymphoma [74, 
75], acute leukemia [76] and various solid tumors [77, 78]. 
However, the mode of action for their anti-cancer activity is 
not yet clarified, although NF-kB inhibition was shown to be 
involved [79, 80]. Several additional mechanisms have been 
proposed, including mainly the stabilization of pro-apoptotic 
as well as regulatory proteins, stabilization and accumulation 
of p53, and unbalances in the pro- and anti-apoptotic Bcl-2 
familyproteins[81,82]. 

Members of the NF-icB family of transcription factors 
play a major role during inflammation and induction of im- 
mune responses. Several studies using bortezomib were per- 
formed to analyze possible advantageous effects by inhibit- 
ing these transcription factors in immune-mediated disor- 
ders. Accordingly, bortezomib treatment was shown to be an 
effective therapy in animal models for polyarthritis [83], 
psoriasis [84] and experimental autoimmune encephalomye- 
litis [85]. These beneficial effects might result from the mhi- 
bition of DC function and differentiation, as recent studies 
demonstrated that bortezomib induces apoptosis in monocyte 
derived DCs and interferes with DC function, most likely via 
the inhibition of the NF-kB pathway [86, 87]. 

Proteasomal degradation is essential for MHC class I 
restricted antigen presentation [88, 89]. Moreover, we could 
recently show that the proteasome is also required for the 
presentation of cytoplasmic proteins on MHC class II mole- 
cules [90]. This discloses interesting possibilities to use pro- 
teasome inhibitors in GVHD and immune disorders caused 
by activated T cells. Animal models have already shown 
promising results in treating GVHD [91, 92], although a 
prompt start of the treatment following bone marrow trans- 
plantation was essential [91]. Blanco and co-workers con- 
firmed the advantageous GVHD treatment with bortezomib 
in an iw vitro study using human peripheral blood mononu- 
clear cells, as it selectively depleted alloreactive T lympho- 
cytes and decreased T helper type 1 cell (Thl) cytokine pro- 
duction [93], whereas unstimulated T cells were barely af- 
fected. However, a recent study showed that even though 
bortezomib treatment initially prevented GVHD in a mouse 
model, extended therapy resulted in substantial GVHD-related 
mortality [94]. 

THE CONTROL OF IMMUNE RESPONSES BY 
PPARS AND ITS LIGANDS 

The family of peroxisome proliferator-activated receptors 
(PPARs) are ligand-activated transcription factors involved 
in the regulation of metabolism and inflammation [95-97]. 
They are members of the nuclear hormone receptor superfa- 
mily and consist of PPAR-a, PPAR-P or -6, and PPAR-y. 
Upon ligand binding, they dimerize with the retinoid X re- 
ceptor (RXR) and bind to PPAR response elements (PPRE) 
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in the promoter region of target genes. In addition to ligand- 
dependent activation, PPAR-7 is regulated by phosphoryla- 
tion [97]. Several studies have shown that PPAR-7 activation 
negatively regulates pro-inflammatory transcription factors 
like NF-kB, NFAT," AP-1 and STAT [98-101]. Ligands of 
PPAR-7 include naturally occurring prostaglandin D2 (PGD2) 
and its metabolite 15-deoxy-A'^'"-PGJ2 (ISd-PGJz), other 
cyclopentanone prostaglandins as well as synthetic thia- 
zolidinediones. 

Activation of PPAR-7 has been shown to impair the phe- 
notype and immune-stimulatory function of DCs [102-104] 
and inhibit toll-like receptor-mediated activation of DCs, via 
MAP kinase and NF-kB pathways [105]. 

In animal models, PPAR-7 activation has been shown to 
have positive effects on several inflammatory diseases by 
modulating Thl/Th2 balance and reducing the expression of 
pro-inflammatory cytokines [106-114]. In inflammatory 
bowel disease, where epithelial cells of the colon produce 
inflammatory cytokines that may be involved in disease 
manifestation, activation of PPAR-7 negatively regulated fliis 
cytokine gene expression by inhibiting NF-kB activation 
[106-108]. Setoguchi and co-workers reported that haploin- 
sufficiency of PPAR-7 in PPAR-7*'' mice resulted in more 
severe antigen-induced arthritis [109], and consistent with 
that, Kawahito and co-workers found that PPAR-y activation 
suppressed experimentally induced arthritis in rats [110]. 
PPAR-7 activation was also shown to be beneficial in ex- 
perimental autoimmune myocarditis [111] and encephalo- 
myelitis [112-114] by reducing the expression of inflamma- 
tory cytokines. Moreover, the PPAR-7 agonist rosigUtazone 
has shown promising results for the treatment of ulcerative 
colitis in preliminary clinical evaluations [115]. As agonists 
of PPAR-a have also been shown to shift the cytokine pro- 
duction of T cells in vitro fljom Thl to Th2, they have been 
suggested for the treatment of inflammatory conditions such 
as multiple sclerosis [1 16, 1 17]. 

CONCLUDING REMARKS 

Based on these preclinical in vitro and animal studies and 
first clinical observations, these new classes of compounds 
originally developed to treat malignant diseases might repre- 
sent a novel therapeutic option for patients with autoimmune 
disorders like multiple sclerosis or inflammatoiy bowel dis- 
eases. Furthermore, Ihey provide a promising approach to 
handle graft versus host reactions in patients receiving allo- 
geneic bone or stem cell transplantation. The final signifi- 
cance and efficacy of these drugs have to be evaluated and 
confirmed in clinical trials. 
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The number needed to treat for adalimumab, etanercept and 
infliximab based on ACR50 response in three randomized 
controlled trials on established rheumatoid arthritis: a systematic 
literature review 

LE Kristensen\ R Christensen^ H BliddaP, P Geborek\ B Dan^eskiold-Sams0e^ T Saxne^ 

'Department of Rheumatology, Lund University Hospital, Lund, Sweden, and ^The Parker Institute, Musculoskeletal Statistics Unit, 
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Objective: To compare the efficacy of adalimumab, etanercept, and infliximab in patients with established 
rheumatoid arthritis (RA) taking concomitant methotrexate (MTX) by calculating the number needed to treat 
(NNT) using three different methods. 

Methods: A systematic literature search of the Cochrane Library, MEDLINE, and EMBASE was conducted 
from inception to 30 June 2006. Two pairs of investigators, a Danish and a Swedish pair, independently 
conducted a structured literature review. The reviewers selected any published randomized, double-blind, MTX 
controlled study of adalimumab, etanercept, and infliximab, presenting the American College of Rheumatology 
50% response (ACR50) after 12 months in RA patients with a mean disease duration of at least 5 years. The two 
review groups independently extracted the estimates necessary to calculate the NNT. 

Results: The reviewers consistently selected the same three randomized, controlled trials (RCTs), one for each of 
the drugs, and extracted equal data for the number of patients completing the 12-month intervention, and the 
corresponding number of ACR50 responding patients after therapy. Some baseline differences were noted: 
patients in the etanercept trial had a shorter disease duration and did not receive MTX prior to inclusion; 
patients in the adalimumab study had lower Health Assessment Questionnaire (HAQ) scores. The calculated 
NNTs varied slightly depending on the method used. The fully adjusted NNTs (95% confidence intervals) 
for adalimumab, etanercept, infliximab standard dosage and infliximab double dosage were 4 (3-6), 4 (3-6), 
8 (4-66), and 4 (3-11) patients, respectively. 

Conclusion: This study indicates equal efficacy of the three anti-tumour necrosis factor (TNF) therapies. 



Evidence-based medicine is the application of the 
most valid scientific information in the care of 
patients. It is becoming increasingly important when 
providing clinicians with guidelines on how to treat a 
disease (1, 2). Decision making in medicine relies on 
updated reviews of medical research results. The 
challenge is to translate pubUshed clinical research 
data into a format suitable for practical application 
in the clinical setting, where the clinician must choose 
between competing interventions that have not been 
compared directly (head-to-head) in randomized 
trials (3-5). 

In rheumatoid arthritis (RA), which is the most 
common inflammatory arthritis disorder (6), the 
armamentarium of interventions has increased 
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considerably over the past 5 years (7). Tumour 
necrosis factor-a (TNFa) blocking drugs have been 
studied extensively and play a major role, both 
financially and clinically, in the current treatment of 
RA (7). TNFa is a proinflammatory cytokine impor- 
tant in RA development (7). Three TNFa blocking 
drugs have been registered: adalimumab, etanercept, 
and infliximab. However, direct comparisons of these 
drugs in randomized controlled trials (RCTs) are 
lacking. Cochrane reviews have been published 
separately for each of these drugs (8-10), and clinical 
decisions about which to use remain highly indivi- 
dual and lack the support of official guidelines (11). 

An approach increasingly used for comparing drug 
responses is the 'number needed to treat' (NNT), the 
reciprocal of the absolute risk difference (12). This 
approach has also been recommended in rheumato- 
logy (13). The NNT has the advantage of being 
readily understood in a statistical setting and by the 
practitioner trying to grasp an overall measure of 
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efficacy of a given drug (12-14). Provided the data 
allow a dichotomization, the NNT will give the 
reader a standard measure that can be used for 
indirect comparisbn of clinical efficacy across multi- 
ple RCTs testing different preparations in trials of 
similar duration (15). Three methods for calculating 
the NNT can be applied: among completers, among 
randomized patients (the usual way of calculating 
the NNT), and finally among randomized patients 
with a further adjustment for differences in event 
rates of the control group (16, 17). Other approaches 
to indirect treatment comparisons of RCTs are 
mixed treatment comparison and meta-regression 
analysis; however, these methods are complicated 
and still having shortcomings, and do not have the 
clinically informative value that the NNT does (18). 
Relative measures such as odds ratios have also 
been used for indirect comparison (19, 20), despite 
inherent limitations of relative measures, that is 
ignoring the absolute underlying chance of responses 
and thus being less applicable to a clinical situation 
(21). In addition, evidence may also come from 
observational studies, where a recently presented 
index, the LUNDEX, facilitates comparisons of 
interventions (22). 

Using a structured protocol for search of, and 
retrieval from, the present literature, the objective of 
this systematic review was to compare NNTs based 
on the three different types of calculations for 
adalimumab, etanercept, and infliximab combined 
with methotrexate (MTX), from the published 
double-blind, 12-month RCTs in established RA. 
As the defined treatment response criterion we used 
the American College of Rheumatology 50% 
response (ACR50). 



Material and methods 

Literature review 

The systematic review was conducted by two 
independent reviefw groups: a Danish group consist- 
ing of RC and HB, and a Swedish group consisting of 
LEK and PG. The two review groups followed a 
predefined protocol: reviewers searched the 
Cochrane Musculoskeletal Group's Specialized 
Register of Controlled Clinical Trials. Only pub- 
lished material written in English was considered. 
The final literature search was primarily based on an 
alternative strategy using the systematic reviews 
performed by the Cochrane Musculoslceletal Group 
(CMSG) for each of the three TNFa blocking agents 
for RA. Because of limitations in recent updates of 
the CMSG reviews, reviewers also performed a 
complementary search using the Cochrane library, 
MEDLINE and EMBASE from inception to 30 June 
2006. RA was searched as an exploded MeSH 
heading ('arthritis, rheumatoid' [MeSH Term] OR 



rheumatoid arthritis [Text Word]). The aim was to 
include studies of each registered TNFa blocking 
preparation (in alphabetical order): adalimumab, 
etanercept, and infliximab. Selection criteria were: 
publications presenting data from RA patients with 
an average disease duration of at least 5 years and 
explicit data on the ACR50 response after at least 
12 months of follow-up; studies had to be double- 
blind RCTs with a minimum of two arms comparing 
the TNFa blocking preparation (intervention) and 
concomitant use of MTX compared to MTX alone 
(control). Twelve months of follow-up was chosen to 
give an expression of the long-term sustainability of 
TNFa blocking drugs, which are normally admini- 
stered over several years. 

The ACR50 response was chosen because a recent 
meta-analysis showed this to be the preferred end- 
point for contemporary RA clinical trials compared 
to ACR20 (23) based on both statistical and clinical 
evidence. ACR20 or ACR50 responders are the 
number of patients achieving at least 20% or 50% 
disease reduction, respectively, after intervention 
(24). Because of the strict inclusion criteria and the 
size of the trials included, review of abstract 
databases was omitted fi-om this review. 



Data analyses: applying absolute and relative numbers 

After selecting the articles, the two review groups 
independently extracted explicitly reported numbers 
(i.e. unbiased estimates) from the published, peer- 
reviewed material, making no assumptions other 
than those already explicitly presented in the articles. 
The predefined basehne characteristics required 
were age, percentage female, disease duration, 
percentage rheumatoid factor positive, prior MTX 
dose, C-reactive protein (CRP), Health Assessment 
Questionnaire (HAQ), number of tender joints and 
number of swollen joints, number of patients 
included, ACR50 response data at end point, and 
data on number of patients withdrawn at end point, 
for both the intervention and the control arm of the 
studies. For studies with more than one intervention 
arm, the arm containing the recommended standard 
dosage was chosen. Because infliximab is known to 
regularly require dosage adjustments, the arm con- 
taining standard as well as doubled dosage was 
selected for this preparation. Based on these numbers 
we were able to calculate the percentage responders 
both as a per-protocol (PP, completer analysis) and 
as intention-to-treat (ITT, non-responder analysis). 
Adherence to therapy was defined as patients attending 
the examination after intervention; accordingly, this 
number is synonymous to the PP population. Among 
the patients adhering to therapy, the estimated 
percentage of ACR50 responders among completers 
and randomized patients was calculated as ratios. 
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with the denominator being the number of completers 
(PP) and randomized patients (ITT), respectively. 
NNTs (the reciprocal of the absolute percent ACR50 
responders) were calculated as two independent 
efficacy outcomes, among completers and randomi2ed 
patients, respectively. Finally, a third method for 
calculating the NNT was performed by adjusting 
for differences in response rates of tiie control 
group. As the control event-adjusted NNT values 
are applicable only to an ITT population, according to 
the CONSORT statement (25), we calculated the odds 
ratio among ITT patients responding according to 
an ACR50 criterion, and converted this into NNTs 
(14, 16) with the %control group events as baseline 
risk (26) (www.nntonline.com). 



Results 

The study selection process performed by the two 
independent review groups was very similar. The 
Swedish and Danish reviewers agreed on the flow 
chart in Figure 1. During the initial search, 98 
potentially relevant publications were retrieved. Of 
these, 86 were excluded on the basis of title and 
abstract review; 12 trials were assessed for inclusion 
and exclusion criteria (27-38). Of these, nine trials 
were excluded based on short disease duration, 
inadequate control/intervention groups, and lack of 
a 12-month follow-up (27-29, 31, 33-35, 37, 38). 
Consistently, the Swedish and Danish review groups 
independently found one publication fulfilling the 
criteria for each of the three compotmds (30, 32, 36). 

Demographic data and characteristics of patients 
enrolled in the three studies are summarized in 



Table 1. We noted some dissimilarities between the 
three studies: patients in the etanercept trial had 
shorter disease duration than patients in the other 
trials and did not receive MTX before starting TNFa 
blocking therapy; patients enrolled in the adalimu- 
mab study had lower HAQ scores and therefore 
possibly a higher functional level than patients 
included in the etanercept and infliximab trials. 
CRP levels also seemed to be lower for the patients 
in the adalimumab study. Age, sex, rheumatoid 
factor status, and disease activity measured by tender 
and swollen joints were comparable across the three 
studies. 

Adherence to therapy and the number of ACR50 
responders with or without adjustment for non- 
responders are shown in Table 2. As shown in 
Table 2, there was a considerable risk difference 
(between intervention and control) for adherence to 
therapy, between infliximab standard dosage, inflixi- 
mab double dosage, etanercept and adalimiunab: 
23.3%, 26.7%, 13.8% and 6.8%, respectively. 

When using the absolute risk reduction for each of 
the three preparations to calculate the NNT, without 
further adjustment, the efficacy following each of the 
drugs with concomitant MTX was (presented in 
descending order): adalimumab, infliximab double 
dosage, etanercept, and infliximab standard dosage, 
respectively, with only minor differences when 
applying the ITT population instead of the PP 
population. Likewise, NNT values only changed 
slightly when the ITT estimated number of ACR50 
responders was adjusted for the individual study 
control group event rate. These fully adjusted NNT 
values indicated an equal efficacy corresponding to 




Figure 1. Flow chart of study sdection 
perfoimed by the tvi ■ - - 
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Infliximab (36) Etanercept (30) Adalimumab (32) 





3 mg/8 weeks 


3 mg/4 weeks 


Placebo 


2x25mg/week 


Placebo 


40 mg/2 weeks 


Placebo 




Intervention 


Intervention 


Control 


Intervention 


Control 


Intervention 


Control 




N|i=86 


N|2=86 


Nc=88 


N|=231 


Nc=228 


N|=207 


Nc=200 


Age, years 


54+11 


52+13 


51 + 12 


53+12 


53+13 


56+14 


56±12 


Female, % 


■ 81 


77 


80 


74 


79 


76 


73 


Disease duration, yeafs 


10±8 


9±8 


11+8 


6.8±5.4 


6.8±5.5 


11.0+9.2 


10.9+8.8 


Rheumatoid factor, % positive 


84 


80 


77 


76 


71 


82 


90 


Weekly MTX, mg 


16±4 


16+4 


16+4 


10* 


10* 


16.7+4.5 


16.7+4.1 


C-reactive protein, mg/dL 


3.9+3.4 


3.5+4.2 


4.0+4.2 


3.0+3.3t 


2.6+2.8t 


1.8+2.3 


1.8+2.1 


HAQ score 


1.8+0.6 


1.7+0.6 


1.7±0.6 


1.8t 


^.^t 


1.5+0.6 


1.5+0.6 


Number of tender joints 


32+18 


31+15 


31+18 


34.2±14.8 


33.1 + 13.4 


27.3+12.7 


28.1 + 13.8 


Number of swollen joints 


22±12 


21±11 


21 + 12 


22.1 + 11.3 


22.6+10.7 


19.3+9.8 


19.0±9.5 



HAQ, Health Assessment Questionnaire. Values are mean ±SD, unless stated otherwise. *This was the median dosage for previous MTX use, 
patients included in this study did not have MTX from start, no SD was given for this value. tValues corrected by a factor of 10 compared to 
the original publication (30) after communication with the author. |No SD was given for these values. 



four patients for adalimumab [95% confidence 
interval (CI) 3-$], etanercept (95% CI 3-6) and 
infliximab double dosage (95% CI 3-11), whereas 
standard dosage infliximab seemed only half as 
efficient with an NNT of 8 (95% CI 4-66) patients. 

Discussion 

This report, in agreement with other studies (18-20, 
39, 40), supports equal efficacy of the three anti-TNF 
therapies; adalimumab, etanercept and infliximab. 
However, according to this study, infliximab might 
require an increased dosage level to reach com- 
parable clinical impact. The two review groups 
independently sefected the same three articles, and 



subsequently calculated NNTs among completers 
and randomized (14) patients together with control 
event-adjusted NNT values (2, 13, 17) by an indirect 
comparison strategy (15) using peer-reviewed 
data for adalimumab, etanercept, and infliximab at 
12 months of follow-up. When comparing NNTs 
calculated for completers or randomized patients, 
the absolute NNT changed by up to 25% (see 
Table 2). This is noteworthy particularly because 
the NNT can be either increased or decreased 
depending on the level of adherence in either the 
control or the intervention group. This observation 
emphasizes the need for ITT adjustment and 95% CIs 
when calculating NNTs (14). Further adjustment for 
event rates in the control group only changed the 



Table 2. Clinical efficacy (ACR50) and adherence to therapy data in rheumatoid arthritis patients treated with a TNFa blocking agent added to 
methotrexate (Intervention) compared to methotrexate alone (Placebo) at 1 year of follow-up. 



Infliximab (36) Etanercept (30) Adalimumab (32) 





3 mg/8 weeks 


3 mg/4 weeks 


Placebo 


2x25mgMeek Placebo 


40 mg/2t 


veeks Placebo 


Adherence to therapy, n (%) 
ACR50 responders, n 
% ACR50 responders (1-year 
completers) 

% ACR50 responders (among 
randomized) i 


63(73.3) 

18 

28.6 

. 20.9 


66 (76.7) 

29 

43.9 

33.7 


44(50.0) 
7 

15.9 
8.0 


193 (83.5) 159 (69.7) 
159 98 
82.4 61.6 

68.8 43.0 


159 (7( 
86 
54.1 

41.5 


i.8) 140 (70.0) 
19 
13.6 

9.5 


NNT (unadjusted; 1-year 
completers) 

NNT (unadjusted; among 
randomized) 


8(4-25) 
8(5-38) 


4(3^) 
4(3-7) 




5(4-9) 
4(3-6) 




3 (2-4) 

4(3-5) 


Control group event-rate 
(% among randomized) 
NNT (control event-adjusted; 
among randomized) 


8(4-66) 
patients 


4(3-11) 
patients 


8.0 


43.0 

4(3-a 




9.5 

4(3-6) 
patients 



ACR, American College of Rheumatology (response criteria); TNFa, tumour necrosis factor alpha; NNT, number needed to treat; 
ITT, intention-to-treat. 
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NNT values slightly, with primary changes in CIs. 
This illustrates that the adjustment method used can 
only to some extent compensate for baseline diffe- 
rences between studies (16, 17). Therefore, this 
strategy cannot be applied uncritically for indirect 
treatment comparison in heterogeneous study 
designs. It should also be noted that the control 
event rate-adjusted ^NNT was originally developed 
for pooled studies (16, 17), giving more precision to 
the NNTs found based on a formal meta-analysis. 
Consequently, the results found in this review should 
be interpreted with caution. First, the comparison is 
based on only one study for each preparation. 
Second, it is difficult to eliminate confounders when 
comparing results from trials performed in different 
locations and in patients with possible differences in 
disease status. Moreover, clinically relevant diffe- 
rences at baseline were seen between the three studies 
(as presented in Table 1). Patients eligible for the 
etanercept study did not receive MTX before 
inclusion and their disease duration was shorter than 
patients enrolled in the infliximab and adalimumab 
trials. Etanercept patients therefore had a pro- 
nounced potential for responding to MTX and 
perhaps also to the TNFa blocking drug when 
entering the study. This difference should partly be 
balanced by using a control group receiving MTX. 
Furthermore, time- and baseline-adjusted NNT will 
compensate, to some extent, for the differences in 
baseline characteristics (15-17), which might compli- 
cate the interpretation of this indirect comparison of 
etanercept with infliximab and adalimumab. Thus, 
our method for comparison between these drugs is 
likely to be the onl^ feasible way of obtaining such 
information, as direct comparisons of biologicals are 
too costly to perform in an RCT setting. Finally, 
subjects enrolled in the adalimumab trial had a trend 
towards lower HAQ values and CRP levels than 
subjects in the etanercept and infliximab trials. It is 
unclear how these differences in average baseline 
functional level (HAQ) might influence the outcome. 
Having a lower HAQ score has been shown to be 
advantageous by increasing adherence to therapy 
(41). However, it might also have been a disadvan- 
tage by giving less potential for change in the ACRSO 
values, which partially depend on the subjective score 
of functional status. Moreover, lower CRP levels 
have been shown to be a disadvantage by decreasing 
adherence to therapy (41), possibly because of less 
systemic inflammation and thus less potential for 
respondmg to anti-inflammatory drugs. Thus the 
NNT for adalimimiab might have been even lower if 
the included patients had higher CRP levels at 
inclusion. 

Given the unavoidable limitations of indirect 
comparisons, clinicians tend to put greater weight 
on factors other than apparent effectiveness when 
choosing between treatments (3). There are obvious 



differences between the three compounds concerning 
route of administration, dosage intervals, individual 
patient compUance, apparent prices, and expense for 
the outpatient clinic administering the drugs. Local 
guidelines take all these points into account when 
providing information regarding TNFa blocking 
treatment recommendations. However, the present 
NNT values might imply that infliximab requires 
more than standard dosages to achieve comparable 
effect levels, thus increasing the apparent cost of this 
preparation. 

Additional evidence may arise from observational 
studies, and to facilitate interpretation of data from 
such trials we recently introduced a new approach to 
efficacy per se, entitled the LUNDEX (22). The 
LUNDEX is an index of the proportion (at a given 
time, 7) of patients included (No) and remaining (N-r) 
on a particular therapeutic regimen with a corre- 
sponding adherence ratio (Ny/No), but also fulfilling 
certain response criteria (JVr) with a corresponding 
success ratio (JVr/JVtr): LUNDEX:T=(iVT/JVo) x (^R/ 
^Vtr). It should be noted that when clinical efficacy 
data are exhaustively recorded for all subjects at a 
given time, non-responder analysis and LUNDEX- 
adjusted efficacy responses are equal, suggesting that 
the LUNDEX is an unbiased estimator in observa- 
tional studies. We therefore advocate using the 
LUNDEX adjustment when calculating the NNT 
from observational studies. Accordingly, this 
LUNDEX-adjusted NNT can be calculated as the 
inverse of the difference between the LUNDEX 
indices on trial. The use of the LUNDEX adjustment 
in observational trials or non-responder analyses in 
RCTs not only provides statistical properties but also 
increases the clinical transparency, with the presenta- 
tion of the comparable true number of patients who 
benefit from the intervention. 

In conclusion, our indirect comparison of available 
12-month trials using TNFa blocking agents in 
combination with MTX indicates equal efficacy of 
adalimumab, etanercept, and infliximab, as one in 
four patients with established RA experience an 
ACRSO response compared to MTX as monotherapy. 
Infliximab might require an increased dosage to 
reach an efficacy comparable to adalimumab 
and etanercept. In this study, adjusting the NNT 
for non-responders and for the control group event 
rate only changed the values slightly. Finally, we 
hope that these detailed efficacy data, from three 
mutually independent high-quality trials, can and 
will be translated into clinically useful evidence-based 
rheumatology. 
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co-stimulation modulator, for the 
treatment of rheumatoid arthritis 
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Rheumatoid arthritis (RA) Is a multisystenfi autoimmune disease, of unknown 
aetiology with high morbidity and significantly Increased mortality. Over 
recent years, the introduction of targeted therapies with biologic agents 
have made major inroads to the outcomes In RA.The first such agents 
developed were TNF-a inhibitors. However, despite their high efficacy, up 
to 30% patients fail to respond adequately, or develop adverse reaction to 
TNF-a Inhibitors. This suggests that other pathological mechanisms are 
involved, in addition to those mediated by TNF-a. Abnormal T-cell function 
has long been thought to play a key role in the pathogenesis of RA, stimu- 
lating both the production of pro-Inflammatory cytokines and recruitment 
of other inflammatory cells, resulting In joint destruction and systemic 
disease. Abatacept, the first of a group of T-cell co-stimulation modulators, 
targeting T-cell activation, has recently been licensed for use in RA and 
shows promise as a useful drug to treat this major disabling disease. 

Keywords: abatacept, biologies, CTLA-4, CTLA4-Ig, rheumatoid arthritis, TNlF inhibitors 
Expert Opm. BioL Ther (2008) 8(1):! 15-122 

1. Introduction 



Rheumatoid arthritis (RA) is a multisystem, autoimmune, inflammatory disorder 
of unkown aetiology, characterised by systemic inflammation and a destructive 
synovial proliferation in afeaed joints. It afiects ~ 1% of the population and ~ 40% 
of affected individuals develop severe joint damage and experience disability at 
20 years from disease onset. In addition, RA is associated with increased cardio- 
vascular mortality [i], pardy linked to RA disease activity p]. Seropositive RA 
patients have an Increased cardiovasciJar mortality, even in the early sts^ of the 
disease (3]. The aim of treating RA is to induce and then maintain remission. This 
requires early and dynamic therapy with agents that are able to suppress the 
underlying response, hence reducing damage and improving outcome [4]. 

Though small-molecule drugs or disease-modifying antirheumatic drugs 
(DMARDs), typified by methotrexate have provided effective disease activity 
suppression at low cost, in most RA patients, they have failed to halt radiographic 
progression of disease. Also, a small but significant proportion of patients 
continue to have a high disease activity. Recent advances in understanding the 
pathological processes that underlie RA, have led to major improvements with 
the development of biologic targeted therapies. The TNF-a inhibitors were the 
first such agents and, especially when used in combination with methotrexate 
have radically improved the treatment outcomes for RA - not only by diminishing 
the destructive nature of RA but also improving survival [51. However, ~ 30% 
of patients with RA &il TNF-inhibitor therapy because of inefficacy or adverse 
reactions [6]. There remains, therefore, an unmet therapeutic need in RA and a 
requirement to discover new theraputic approaches and treatment options. 
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The pathological importance of cytokines in RA is 
underlined by the clinical effectiveness of the TNF 
inhibitors. However, there is much evidence to suggest that 
the celliJar specific immune system, in the form of T cells 
also plays a prime role in the disease [7]. The largest genetic 
component for susceptibility to RA lies in the class II MHC, 
responsible for presenting antigens to T cells; there is a 
massive infiltration of CD4* T cells in inflamed joints [a-io] 
and many animal models of inflammatory arthritis are 
mediated by T cells. Activation of T cells may potentially 
drive the inflammatory prtvess in RA," leading to recruitment 
and activation of other immune system cells and the 
secretion of pro-inflammatory cytokines and release of 
metalloproteinases and other inflammatory mediators 
that ultimately lead to bone and cartilage damage and 
destruction (ii]. Effective T-cell activation requires interaction 
with antigen-presenting cells (APC) that deliver a com- 
bination of signals; signal 1, which is mediated via the T-cell 
receptor and the second co-stimulatory signal, so-called as it 
stimulates the T-cell in conjunction with the antigen. [12,13). 
The appropriate delivery of both signals will activate T cells, 
however signalling through the T-cell receptor alone, in 
the absence of signal 2, imay lead to T-cell anergy. The 
best-characterised T-cell co-stimulation pathway involves 
the CD28 receptor, which binds the two co-stimulatory 
molecules CD80 (B7-1) and CD 86 (B7-2) (M.15]. 

Abatacept (Orencia®; Bristol-Myers Squibb) is the first 
biological, selective co-stimulation modulator, modulating 
the T-lymphocyte stimulation by blocking the interaction of 
CD-28 with its ligand on APC. Abatacept binds with higher 
affinity to the CD80/86 on the APC, so the second signal 
required for T-cell activation does not occur. Its primary 
effect is on naive T cells as memory T cells are less dependent 
on the second signal. Abatacept does not deplete T cells. 

It was approved by the FDA for use in RA in 2005 
and has just received a license in Europe. Abatacept inhibits 
the inflammatoiy response by blocking the activation of 
helper T cells and in Europe is licensed for the treatment 
of moderate-to-severe active RA in adults who have had an 
insufficient response or intolerance to other DMARDs 
including at least one TNF inhibitor. 

2. Overview of market 



Abatacept wiU compete with other biological DMARDs. 
Initially, this will be in situations of TNF inhibitor failure, 
although eventually it irtay compete earlier on in the 
theraputic timeline. Three TNF inhibitors are currently 
licensed: infliximab (Remicade; Schering-Plough), etanercept 
(Enbrel; Wyeth) and adalimumab (Huraira; Abbott). 
Rituximab (Mabthera; Roche) a chimeric depleting anti-CD20 
(B cell) monoclonal antibody, originally developed to treat 
B-cell lymphomas, obtained a supplemental biological license 
in October 2006 for use in RA patients inadequately 
responding to anti-TNF agents. 



It is likely that abatacept will primarily compete with 
rituximab in patients that respond inadequately to (or are 
intolerant to) TNF inhibitors. Abatacept can be used as a 
monotherapy or in combination with other non-biological 
DMARDs and is administered by monthly intravenous 
infusion. The projected sales for abatacept could reach 
US $1 billion by year 2009/10 [6]. 

3. Biological therapies 

3.1 TNF inhibitors 

These agents neutralise the action of TNF-a and hence 
reduce inflammation. Etanercept is a human soluble TNF-a 
p75 receptor construct administered subcutaneously at weekly 
intervals. Infliximab is a chimeric monoclonal anti-TNF-a 
antibody administered by intravenous infusion at 8-week 
intervals, whereas adalimumab is a humanised monoclonal 
antibody given subcutaneously, 14 days (or in resistant cases, 
weekly) apart. Infliximab is licensed for coadministration 
with methotrexate. The others can be used as monotherapy 
but all of the TNF-a inhibitors are most effective when 
used alongside methotrexate. This form of treatment is most 
effective in up to 70% patients with RA [6]. 

3.2 Anti-CD20 antibody 

Rituximab is a depleting monoclonal anti-CD20 antibody 
that targets peripheral B cells. It has been licensed in the US 
and Europe since 2006 for use in RA in patients, who 
fail or inadequately respond to anti-TNF agents. Rituximab 
is administered in a cycle of two intravenous infusions, 
14 days apart. Each cycle may result in a disease-suppressing 
effect that lasts on an average 9 months. Coadministration 
of methotrexate is associated with a more prolonged response. 
Recent studies have shown that repeated B-cell depletion is 
effective and relatively well tolerated [I6]. 

4. Traditional disease-modifying 
antirheumatic drugs 



Methotrexate is the most commonly used generic, 
non-biological DlvlARD. 

Leflunomide (Arava, sanofi-aventis) has comparable 
efficacy and side effect profile to methotrexate in treatii^ 
RA. However, clinically, there is a higher frequency of drop 
out due to mild yet troublesome side efiects. Methotrexate, 
used in combination vnth biologic antirheumatic agents 
is known to increase their efficacy vwthout significant 
additional side effects [17,18]. 

5. Introductiori to abatacept 



Abatacept is the first of the group of T lymphocyte 
co-stimulation modulators. It was approved for use 
in RA by the FDA in December 2005 ifor patients with 
moderate-to-severely active RA who have had an inadequate 
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activity (DAS28 < 3.2) (DAS28 < 2.6) 



Figure 1. Results from the abatacept trial In the treatment of anti-TNF inadequate responders trial. A. ACR 20, 50 and 70 

response in patients on abatacept and placebo. B. ACR 20 response over 6-month period in patients with abatacept and placebo. 
C. Comparison of percentage of patients achieving low disease activity (as measured by DAS-28) or remission between patients on 
abatacept and placebo*. 
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Table 1. Mean radiographic changes over 12 months. 



Parameter 


Abatacept/Mtx 
n = 391 


Placebo/Mtx 
n = 195 


p value* 


Total sharp sco 


e 1.21 


2,32 


0.012 


Erosion score 


0.63 ' 


1.14 


0.029 


JSN score 


0.58 


1.18 


0.009 



'Based on non-parametric analysis. 

JSN: Joint space narrowing; Mtx: Methotrexate. 



response to or failed one or more DMARDs, such as 
methotrexate or TNF-a inhibitors. In this respect, the 
US license permits the usage of abatacept before TNF 
inhibitors, in contrast to the license awarded in Europe, 
where TNF inhibitor(s) should be used first. 

5.1 Chemistry 

Abatacept is a soluble protein consisting the extracellular 
domain of human cytotoxic T-lymphocyte-associated 
antigen-4 (CTLA-4), fused with the modified Fc portion of 
a human IgGl antibody (Rgure 1). It has an apparent 
molecular weight of 92 kDa and is manufactured using 
recombinant DNA technology on a human cell line. 
Commercially it is available as a lyophilised powder, which 
needs to be reconstituted with 10 ml sterile water prior to 
intravenous injeaion. 

5.2 Pharmacodynamics ' 

Abatacept biocb the interaction between APC and T cells 
leading to the inhibition ofT-cell acdvation (Figure 2). Abatacept 
(CTLA4-Ig) binds to CD80 and CD86, thus blocking 
co-stimulation through CD28 [19-22]. It thus modulates T-cell 
proliferation and the many downstream consequences of this 
including secretion of TNF-a, y-IFN, IL-1 and IL-6. 

5.3 Pharmacokinetics and metabolism 

Following a 10 mg/kg dose of abatacept intravenously, 
in normal subjects, a peak concentration of 292 mg/1 
(range 175 - 427 mg/1) vm achieved. The elimination 
half-life was 16.7 days (range 12 - 23 days), total clearance 
0.23 ml/h/l<g (range 0.16 - 0.30 ml/h/kg) and the 
volume of distribution at steady-state was 0.09 1/1^ 
(range 0.06 - 0.13 1/1^. Monthly 10 mg/1^ intravenoiM 
doses of abatacept in RA patients revealed similar 
pharmacokinetics [20]. The clearance increased with increase 
in weight but was not altered by age, gender, NSAIDs, 
DMARDs or anti-TNF agents [23]. 

5.4 Clinical efficacy 

5.4.? Phase II- A 

A multi-centre, mtdtinational study was performed to 
determine the safety and preliminary efficacy of co-stimulatory 
blockade using abatacept and LEA29Y (Belatacept) (both in 



doses of 0.5.2 or 10 mg/kg) in RA patients who had been 
treated unsuccessfully with at least one DMARD. Abatacept, 
LEA29Y or placebo was administered intravenously to 
214 RA patients. They received 4 infusions of the study 
medication or placebo on days 1, 15, 29 and 57 and 
response was assessed at day 85. The primary end point of 
the study, ACR 20 increased in a dose-dependent manner with 
abatacept (23, 44 and 53%) as compared with placebo (34%). 
Abatacept was found to be safe and was well tolerated [24]. 
Patients were then randomly assigned to 2 mg/1^ or 10 mg/kg 
of abatacept or placebo for a fiuther 6 months. Clinical 
improvement at 6 months was evaluated using ACR20, 
50 and 70 responses [25]. Belatacept has not been further 
pursued for use in RA. 

5.4.2 Phase ll-B 

This trial investigated the efficacy and safety of abatacept 
2 mg/kg in combination with etanercept 25 mg biweekly 
in patients with active RA during a 1-year, randomised, 
placebo-controlled, double-blind phase, followed by an 
open-label, long-term extension. At 1 year, the combination 
of abatacept and etanercept was associated with serious 
adverse events including infections, with limited additional 
clinical benefit (26,27). 

5.4. J Phase III 

The Phase III trial programme included three double-blind 
randomised placebo-controlled studies. 

The abatacept in inadequate responders to methotrexate 
trial compared abatacept in combination with methotrexate 
or methotrexate alone. This was carried out over a 2-year 
period, of which the first year included a double-blind phase 
with subsequent open-label extension phase. Patients on 
abatacept with methotrexate, in comparison with patients 
on methotrexate alone showed a better ACR response and 
reduction in radiographic progression (Table 1) [28]. 

In the abatacept trial in the treatment of anti-TNF 
inadequate responders trial, patients with active RA who 
responded inadequately to TNF-a inhibitor therapy, after 
treatment of at least 3 months, were randomly assigned in a 
2:1 ratio to receive abatacept or placebo on days 1, 15, 29, 
and every 28 days thereafter for 6 months, in addition to 
at least one non-biologic DMARD. Patients discontinued 
anti-TNF therapy prior to randomisation. The rates of ACR 
20 responses and improvement in fiinctional disability, as 
reflected by scores for the health assessment questionnaire 
(HAQ) disability index were assessed [29]. Results are 
shown in Figure 1. 

The abatacept study of safety in use with other RA 
therapies studied the safety of abatacept as compared with 
placebo when used in conjunction with non-biologic and 
biologic DMARDs. In this trial, patients were randomised 
2:1 to receive abatacept (at a fixed dose approximating 
10 mg/1^ by weight) or placebo for a period of 1 year. 
Abatacept and placebo groups exhibited similar frequencies 
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Figure 2. Mechanism of action of abatacept. 

APC: Antigen-presenting cell; CTlA-4: Cytotoxic T-lymphocyte-associated antigen 4; TCR: T-cell receptor. 



of adverse events (90 and 87%, respeaively), serious adverse 
events (13 and 12%, respectively) and discontinuation 
due to adverse events (5 and 4%, respeaively). Abatacept 
in combination wi(;h non-bidlogic DMARDs was well 
tolerated with no increase in the infection risk, and 
improved physical function and physician and patient 
reported outcomes. However, abatacept in combination 
with biologic therapies was associated with an increase 
in the rate of serious adverse events including infections, 
with little additional clinical benefits [30]. Hence, com- 
binadon of abatacept with other biological DMARDs is 
not recommended. 

s.4.4 Indications 

Abatacept has been approved by the FDA to reduce signs 
and symptoms in RA, induce a major clinical response, 
inhibit progression of structural damage and improve physical 
flmaion in adult patients, with moderate-to-severely active 
RA, who have foiled to or have had inadequate response to 
one or more DMARDs or TNF antagonists (19). 

6. Other therapies on horizon 

There are many different drugs targeting a variety of 
immunological pathways under development for 
of RA. Most agents in later phase clinical trials are 1 
however, small-molecule drugs, for example p38 mitogen- 
activated protein kinase inhibitors, are also being developed. 
These wiU also compete with abatacept. One example of 
an addition to an existing class is the PEGylated anti-TNF 
blocker, cetrolizumab Pegol (Cimzia, UCB). This TNF 
inhibitor has demonstrated efficacy in Phase III clinical 



trials in RA and oflfers potential advantages over present 
TNF inhibitors in dosing regimen and manufecturing 
cost. Golimumab, another flilly humanised ann-TNF-a 
IgGl monoclonal antibody that targets and neutralises 
membrane-bound and soluble forms of TNF-a has 
completed its Phase II trial, showing that combination 
of golimumab and methotrexate is significantly superior to 
methotrexate alone in improving disease activity in RA [31]. 
Humanised IL-6 antibody (Tocilizumab; Roche) has 
completed the first Phase III clinical trial and shows 
promise as an inhibitor of a different yet potentially equally 
important cytokine. Data from that study showed that 
patients on tocilizumab showed a significantly reduced 
radiographic progression preventing joint erosion and 
joint space narrowing as compared with non-biologic 
DMARD therapy [32]. 

7. Safety and tolerabllity 

7.1 Adverse reactions 

Abatacept is generally well tolerated. The commonest adverse 
events recorded in clinical studies were naso-pharyngitis, 
headache, nausea, cough and upper respiratory tract infection. 
Sero-conversion to anti-CTLA-4 Ig antibodies has occurred 
in 0 - 1.3% patients, with no clinical significance [23]. 

7.2 Drug interactions 

The clearance of abatacept was not altered with concomitant 
use of DMARDs, NSAlDs or anti-TNF agents m; 
however, the concomitant use of biologic agents with 
abatacept increased the risk of infections without increasing 
efficacy and hence is not recommended [23,30]. 
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7.3 Regulatory affairs 

Abatacept obtained the FDA approval in 2005, for use in 
moderate-to-severe RA, failed on or inadequately treated 
with methotrexate or anti-TNF therapy [19]. 

The European Medicines Agency has recendy approved 
use of abatacept in Europe, after a fevourable report from 
the Committee for Medicinal Products for Human Use [33,34]. 
Unlike the US it is licensed for use in moderate-to-severe RA 
patients who have failed on at least one biological agent. 
Abatacept is ciu:rendy bang evaluated by the UK national 
institute of clinical excellence and a' decision expected by 
early 2008. 

8. Conclusion 



Despite many recent advances in the therapy of RA, typified 
by the development of TNF inhibitors, there remain unmet 
theraputic needs. Abatacept is a prototype T-lymphocyte 
co-stimulation modulator, modulating the activation of 
T lymphocytes, thus reducing cytokine production (such as 
TNF-a, IL-1 and -6), inflammation and damage. Abatacept 
is effective when used alone or in conjunction with 
non-biological DMARDs (such as methotrexate), in patients 
who have foiled on methotrexate monotherapy. Its efficacy 
and side efiFea profde is comparable to that of the TNF 
inhibitors. In addition, abatacept can be used in patients 
who have failed on anti-TNF dierapy. Use in conjunction 
with other biological therapies, however, is not advocated. 
Early clinical trials have shown benefits in health-related 
quality of life compared wdth placebo [35,36]. As a new drug, 
the long-term efficacy and safety profile are not available. 
Further clinical trials and postmarketing follow-up on 
parients treated with abatacept is necessar}' to gain a more 
complete understanding of its true efficacy and risks. 

9. Expert opinion 

The pathogenesis of RA is complex, involving dysfunction 
in many levels of the immune system: specific, innate, 



cellular and humoral. Understanding the importance of 
pro-inflammatory cytokines and, hence, the development of 
TNF inhibitor therapy led to major improvements in the 
outcome in RA. Yet these drugs are ineffective in 30% of 
patients and some data suggests that up to 50% of RA 
patients have to stop TNF inhibitor therapy within 5 years. 
Whether this reflects the development of neutralising 
antibodies (as is likely for the monoclonal antibody drugs) 
or the development of alternative pathophysiological 
mechanisms independent of TNF blockade remains 
uncertain (6J. The complex immunological nature of RA 
and the chronicity of the disease su^st that the ability 
to selectively target different pathways involved in the 
pathogenesis is important for the long-term suppression of 
the pathological inflammatory response. 

Abatacept is the prototype T-cell co-stimulatory modulator 
with proven efficacy in RA before or after exposure to TNF 
inhibitors in clinical trials. The mechanism of action of this 
drug, the modulation of T-cell activation, differs significandy 
from all licensed agents. By modulating T-cell activation, 
abatacept has the potential to affect multiple downstream 
pathways to reduce inflammation [37]. In addition to playing 
a key role in the activation of naive T cells in early disease [38], 
co-stimulation is likely to play a role in the pathogenesis of 
established long-standing disease. 

In the short-term abatacept is likely to be used in TNF 
failures as these drugs are effeaive and now have 10 years of 
safety data. However, as experience with abatacept in the 
cUnic increases, it is possible that it might be used earlier on 
in the therapy of RA with the fact that no single drug is 
effective for all patients and that efficacy for any drug may 
wane with time, indicates an important role for abatacept 
and for other futiure agents that inhibit T-cell acti\dty in the 
treatment of RA. 

Declaration of interest 



The authors have no conflict of interest to declare and no 
fee has been received for preparation of the manuscript. 



120 



Expert Opin. Biol. Ther. (2008)8(1) 



Chitaie & Moots 



Bibliography 

1 . Gabriel SE. The epidemiology of 
rheumatoid arthritis. Rheum Dis Clin 
Nordi Am 2001;27:269-81 

2. Goodson NJ, Symmons DP, Scott DG, 
Bunn D. Lunt M, Silman AJ. Baseline 
levels of C-reactive protein and prediction 
of death from cardiovascular disease in 
patients with inflamihatory polyarthritis: 

a ten-year follow-up study of a primary caie 
based inception cohort. Arthritis Rheum 
2005;52:2293-9 

3. Goodson NJ. Wiles NJ, Lunt M, 
Barrett EM, Sihnan AJ. Symmons DP. 
Mortality in early inflammatory 
polyarthritis: cardiovascular mortality is 
increased in seropositive patients. 
Arthritis Rheum 2002j46(8):2010-19 

4. GrigorC,CapdlH,SrirIingA,etal. 
Effect of treatment strategy of tigjit 
control for rheumatc^ arthritis 
(TICORA): a single blind, randomised 
control trial. Lancet 2004;364:263-9 

5. Olsen NJ, Stein CM. New drugs for 
rheumatoid arthritis. N Engl J Med 
2004:350:2167-79 

6. Moreland L, Bate G, Kirkpatrick E 
Abatacept. Nat Rev Drug Discov 
2006;5:185-6 

7. Ktemer JM. Selective costimulation 
modulators: a novel approach for the 
treatment of rheumatoid arthritis. 

J Clin Rlieumatol 2005;n(5):S55-S62 

8. .Stuart RW.RackeMK. 
Targeting T-cell co-stimulation in 
auto-immune disease Expert Opin 
Ther Targets 2002;6:275-89 

9. Fox DA. The role of T-cells in die 
immunopathogeuesis of RA: 
new perspecdves. Arhdtis Rheum 
1997;40:598-609 

10. Van BojtdlJA, Paget SA. 
Predominantly T-cell infiitrace in 
rheumatoid synovial membranes. 

N Engl] Med 1975;293(1 1):517-20 
n . Klimiuk PA. et al. Production of cytokines 
and raetalloproteinases in rheumatoid 
arthriris is T-lymphocyte dependant. 
Clin Immunol 1999;90:65-78 

12. Liu MP. Kohsaka H, Sakurai H, et al. 
The presence of costimidatory molecules 
CD86 and CD28 in rheumatoid ardiriris 
synovium. Arthritis Rheum 
1996;39(1):110-14 

13. MacDonaldKP,NjshlokaY,LipslgrPE, 
Thomas R. Funcrional CD40 ligand is 



expressed by T cells in rheumatoid arthrids. 
J Clin Invest 1997;100(9):2404-14 

14. GieenwaU RJ, Freeman GJ, 
Sfaaipe AH. The B7 6mily revisited. 
Anna Rev Immunol 2005;23:515-48 

15. Shaipe AH. Abbas KA. T-cell 
cosdmulation. Biology, Therapuric 
potential and Challenges. N Engl J Med 
2006;355(10):973-5 

16. Popa C. Leandro MJ. Cambridge G, 
Edwards JCW. Repeated B-lymphocyte 
depletion with rituximab in rheumatoid 
arthriris in 7 years. Rheumatology 
2007;46{4):626-3I 

17. Van der Heijde D, Klareskog L, Singh A, 

et aL ]?adent reported outcomes in a trial of 

and methotrexate for rheumatoid arthritis: 
the Tempo Trial. Ann Rheum Dis 
2006;65(3):328 

18. Maddison P. Keily P. Kirkham B. et al. 
Leflunomide in rheumatoid arthrids: 
recommendations throu^ a process of 
consensus. Rheumatology 
2005;44(3):280-6 

19. Reiser H,StadekerM].Co-srimulatotyB7 
molecules in the padiogenesis of infectious 
and aucoimmtuie diseases. N Engl J Med 
1996;335:1369-77 

20. Linsley PS, Brady W.UrnesM, 
Grosmaite LS, Damle MK, Ledbetter JA. 
CTLA-4 is a second leceptor for the B-cell 
activation antigen B7. J Exp Med 
1991:174:561-9 

21. Linsley PS. et al. Immtmosuppresion 
in vivo by a soluble form of CTLA4 
T-cell activation molecide. Science 
1992;257:729-95 

22. FDA labeUing infotmation. 
Available ac URL.-www.faa.gov/oder/foi/ 
label/2005/1251 181bl.pd£> (2005) 

23. Boyce EG. Abatacepc die first 
co-stimuladon modulator for use in RA. 
Formulary 2006;4l(7):322-6 

24. Moreland LW, Alten R, Van den Bosch F, 
et al. Co-stimulatory blockade in patients 
with rheumatoid arthritis: a pilot, dose 
finding, double blind, placebo controlled 
clinical trialevaluating CTLA-4 Ig and LEA 
29Y eighty-five days after the first infusion. 
Ardiritis Rheum 2002:46:1470-9 

25. Krcmer JM, Wesdiovens R, Leon M, 

et al. treatment of rheumatoid arthritis by 
selective inhibition of T-cell activation with 
fiision protein CTLA-4 1%, N Ei^ J Med 
2003:349:1907-15 



26. Kremer JM. Dougados M, Emery P. et al. 
Treatment of rheumatoid arthritis 

with the selective costimulation 
modulator abatacepc twelve-month results 
of a Phase lib, double-blind, randomized, 
placebo-controlled trial. Arthritis Rheum 
2005;52(8):2263-71 

27. Weinblatr M, Schifif M, Goldman A, 
Kremer J. Selective co stimulation 
modulation using abatacept in patients 
widi active rheumatoid arthritis while 
receiving ecanercepc a randomised clinical 
trial. Ann Rheum Dis 2007;66(2):228 

28. Kiemer JM, Genent HK, Moreland LW. 
et al. Effects of abatacept in patients 
widi methotiExate-tesistant active 
rheumatoid arthritis: a Randomized Irial. 
Ann Intern Med 2006:144(12):865-76 

29. Enovese MC, et al. Abatacept for 
rheumatoid arthritis refractory to 
TNF-alpha inhibition. New Engl Med J 
2005:353:1114-23 

30. Weinblatt M, Combe B, Covucci A, et aL 
Safety of die selective costimulation 
modulator abatacept in rheumatoid 
arthriris patients receiving background 
biologic and nonbiologic disease-modifying 
antirheumatic drugs: a one-year 
randomized, placebo-controlled smdy. 
Ardiriris Rheum 2006;54(9):2807-16 

31. Golimumab (CNTO 148) shows clinical 
benefit in active rheumatoid arthritis. 
American College of Rlieiimatology 
Annual Scientific Meeting; 2005 

32. Chugai Pharmaceutical company Ltd. 
Tocilizumab monotherapy reported to slow 
joint damage in patients with RA. Data 
presented at ACR, San Diego; 2006 

33. EMEA/144134/2007: 
London March 2007 

34. EMEA/CHMP/72407/2007; 
London, March 2007 

35. Wesdiovens R, Cole JC. Li X et al. 
Improved health-related qualit)' of life for 
rheumatoid arthriris patients treated with 
Abatacept, who have inadequate response 
to anti-TNF dierapy in a double blind, 
placebo controlled, multicentre randomised 
clinical trial. Rheumatology 
2006:45:1238-46 

36. EmeryP.KosinskyM.LiT.etal. 
Treatment of rheumatoid arthritis patients 
with abatacept and methotrexate 
significandy improved health-related 
qualiiy of life. J Rheumol 
2006;33(4):681-9 



Expert Opin. Biol. Ther. (2008)8(1) 



121 



Abatacept 



37. Wcisman M, Durez P, Hallegua D, 
Nuamah I, Vratsanos G, Becker JC. 
Abatacept inhibits T-cell activation and 
the subsequent activation of inflammatoiy 
cell types, as demonstrated by sustained 
reductions in multiple inflammatory 
biomarkers. Ann Rheum Dif 
2004;63(Suppl l):il38 (Abstract) 

38. ChoyEH.PanayiGS. 

Cytokine pathways and joint inflammation 
in rheumatoid arthrids. N Engl J Med 
2001;344:907-16 

Affiliation 

Sarang Chitale & 

Robert Moots*, Professor of Rheumatology 

^Author for correspondence 

University of Liverpool, 

Academic Rheumatology Unit, 

School of Clinical Sciences, 

University Hospital Aintree, Longmoor Lane, 

Liverpool L9 7AL, UK 



122 



expert Opin. Biol. Ther. (2008) 8(1) 



